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Transforming our World: the 2030 Agenda for Sustainable Development endorsed 
by United Nations and 193 Member States, came into effect on Jan 1, 2016, to 
guide decision making and actions to the year 2030 and beyond. Central to this 
Agenda are 17 Goals, 169 associated targets and over 230 indicators that are 
reviewed annually. The vision envisaged in the implementation of the SDGs is 
centered on the five Ps: People, Planet, Prosperity, Peace and Partnership. This call 
for renewed focused efforts ensure we have a safe and healthy planet for current 
and future generations.

This Series focuses on covering research and applied research involving the five Ps 
through the following topics:

1.	Sustainable Economy and Fair Society that relates to SDG 1 on No Poverty, 
SDG 2 on Zero Hunger, SDG 8 on Decent Work and Economic Growth, SDG 
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fordable Clean Energy, SDG 9 on Industry, Innovation and Infrastructure, and 
SDG 11 on Sustainable Cities and Communities.

The series also seeks to support the use of cross cutting SDGs, as many of the 
goals listed above, targets and indicators are all interconnected to impact our lives 
and the decisions we make on a daily basis, making them impossible to tie to a 
single topic.
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Preface

In recent years, the imperative to reduce our global carbon footprint has become 
more urgent than ever. Climate change poses an existential threat, and addressing 
it requires a multifaceted approach that spans various sectors and disciplines. This 
book, Reducing Carbon Footprint in Different Sectors for Sustainability, is a compre-
hensive guide designed to provide insights and strategies across diverse fields, high-
lighting the critical efforts needed to mitigate environmental impacts and promote 
sustainable practices.

The energy sector, as one of the largest contributors to greenhouse gas emissions, is 
pivotal in the fight against climate change. The initial chapter delves into innovative 
approaches to reducing carbon emissions in energy production and consumption. 
These include advancements in renewable energy technologies, energy efficiency 
measures, and the transition from fossil fuels to cleaner alternatives. By exploring 
case studies and emerging technologies, a blueprint for a sustainable energy future 
is offered.

Transportation is another significant area of focus, particularly with the advent of 
electric vehicles (EVs). The chapter dedicated to this topic examines the rapid evolu-
tion of EV technology, infrastructure development, and policy measures that can 
accelerate the adoption of electric mobility. By reducing reliance on internal combus-
tion engines, we can make substantial strides in lowering transportation-related 
emissions.

The cement industry, often overlooked in discussions about sustainability, is also a 
major source of carbon emissions due to its energy-intensive production processes. 
The book addresses innovative practices and materials that can reduce the carbon 
footprint of cement production. By highlighting cutting-edge research and practical 
applications, the relevant chapter aims to transform an industry that is fundamental 
to modern infrastructure.

Agriculture, another key sector, faces unique challenges and opportunities in reducing 
carbon emissions. The chapter on agriculture explores sustainable farming practices, 
carbon sequestration techniques, and the role of technology in enhancing agricul-
tural efficiency. These insights are crucial for developing strategies that ensure food 
security while minimizing environmental impacts.

Architecture and urban planning play a significant role in shaping sustainable living 
environments. The book discusses the principles of green building design, the use 
of sustainable materials, and the importance of energy-efficient construction meth-
ods. By integrating these practices, architects and planners can create spaces that 
are not only environmentally friendly but also enhance the quality of life for their 
inhabitants.



IV

Beyond these sectors, the roles of education and research centers are crucial in  
driving the transition to a low-carbon future. Dedicated chapters emphasize the 
importance of integrating sustainability into educational curricula and fostering a 
culture of environmental responsibility among future generations. Additionally, 
the book highlights the contributions of research institutions in developing new  
technologies and methodologies to combat climate change. By fostering collaboration 
between academia, industry, and policymakers, these chapters underscore the 
importance of a holistic approach to sustainability.

Reducing Carbon Footprint in Different Sectors for Sustainability is not merely an aca-
demic exercise but a call to action. Each chapter offers practical insights and solutions 
that can be implemented to drive real-world change. By bringing together expertise 
from various fields, this book aims to inspire readers to take proactive steps in their 
professional and personal lives to reduce their carbon footprint.

The journey toward a sustainable future is complex and requires concerted efforts 
from all sectors of society. This book serves as a valuable resource for policymakers, 
industry leaders, researchers, and educators who are committed to making a differ-
ence. Together, we can build a more sustainable world for future generations.

We hope that this volume will not only inform but also inspire action. The collective 
efforts of individuals and organizations across different sectors are essential in our 
global quest to mitigate climate change and ensure a sustainable future. It is our sincere 
wish that readers will find the insights and strategies presented in this book both 
enlightening and motivating.

Thank you for joining us on this critical journey toward sustainability.

Taha Selim Ustun
Fukushima Renewable Energy Institute,

National Institute of Advanced Industrial Science and Technology (AIST),
Tokyo, Japan

XVI
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Chapter 1

Carbon Footprint Reduction 
in Energy Sector with Higher 
Penetration of Renewable Energy 
Resources
Taha Selim Ustun

Abstract

Energy sector is a big source of carbon emissions. Traditionally, it is built, almost 
entirely, on fossil fuels with the exception of hydro and nuclear power plants. In line with 
the global mobilization toward tackling global warming by reducing carbon emissions, 
energy sector is trying to transition its generation portfolio to clean and sustainable 
energy sources. Renewable energy sources such as solar, wind, and wave provide energy 
without carbon emissions and provide a good alternative to traditional fossil fuels such as 
coal or natural gas. Another opportunity lies at the intersection of energy with transpor-
tation sector, another big contributor to carbon emissions. When electrified with renew-
ables, transportation sector can both reduce its carbon emissions and provide support to 
electrical grid via novel solutions such as smart charging. However, these benefits come 
at a price. Non-dispatchable nature of renewable energy sources and their low inertia 
create operational and planning issues that make it hard to ensure demand is always met 
and the system operates in a healthy way. This chapter covers how renewable penetration 
can be increased while mitigating these issues with novel solutions. These include novel 
optimization ideas based on nature and new devices such as smart inverters.

Keywords: power engineering, renewable energy penetration, fossil fuel replacement, 
generation portfolio, smart grids, future grids, frequency control, power system 
optimization, nature inspired optimization techniques, electric vehicles, vehicle-to-grid 
(V2G), smart charging solutions, solar energy, wind energy, energy storage systems, 
sustainable energy, clean energy, power system inertia

1.  Introduction

Industrial Revolution has surely transformed the humanity and its life on this 
planet. One of the biggest impacts of industrialization and burning more fossil fuels 
is the amount of carbon emissions and the resulting global warming [1]. The effects 
of this phenomenon can be observed in constant increase in temperature, melting 
icecaps, rising sea levels, and extreme weather events. Acknowledging the fact that 
greenhouse effects of carbon gases in the atmosphere cannot be ignored anymore, 
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nations around the world started carbon-reduction initiative such as Kyoto Protocol, 
EU 2020 vision, and so on [2].

Energy sector is one of the most prominent sources of carbon emissions as shown 
in Figure 1 [3]. Traditional source of energy for electrical systems has been fossil fuels 
such as oil, natural gas, and coal. They have been a reliable bulk source of energy for 
large-scale power plants. On the other hand, their constant use made energy sector, 
and electrical systems, a big contributor to the global warming. For this reason, trans-
formation of electrical system’s generation portfolio has been at the center of carbon 
reduction and global warming mitigation efforts [4].

In principle, the idea is to deploy more renewable energy sources (RES) in the 
energy grid. The intended use might be direct electricity generation or an alternative 
approach such as direct heat capture. Some uses envision integration of RES at bulk 
generation stage, while some others are intended for much smaller applications at the 
distribution network level [5]. In addition to generation efforts, some attention has 
been diverted to increased use of storage devices and their alternative implementa-
tions such as electric vehicles being used as mobile storage devices. There are innova-
tive solutions that use small-scale renewable energy resources to energize isolated 
communities that would, otherwise, be left without electricity [6]. These solutions 
focus on harvesting the available energy locally with minimal investment and provide 
energy to these marginalized communities at a low cost [7].

At every stage of such transformation, the power engineers face difficulties. This 
is due to the fact that traditional design of power networks was sketched thinking that 
energy flow will always be unilateral from bulk generation sites to bulk consumption 
sites that are clearly separated [8]. Although transmission lines have some flexibility 
to accept novel devices such as flexible AC transmission systems (FACTS), especially 
distribution networks are very vulnerable to such new deployments. They are not very 
stable; voltage and frequency values tend to experience big swings, and distribution 
network hardware such as the cables or transformers are bound by their lower electri-
cal and thermal ratings [9].

Figure 1. 
Sector-based greenhouse gas emissions, CC BY [3].
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In order to address these issues, researchers have been working on a myriad of 
ideas. The overarching question is how to increase renewable energy penetration, and 
thereby decrease the fossil fuel share in power generation, while keeping the disturbances 
caused in system operation to a minimum? Such solutions may be developed in the 
form of a novel device such as a smart inverter or virtual synchronous generator. 
Alternatively, a novel control approach can be developed that allows for more renew-
able energy and compensates for their negative impacts by being faster, more effec-
tive, and efficient. It is also possible to develop a holistic energy management system 
that combines novel hardware and software solutions in an integrated manner.

Rest of this chapter discusses the share of electrical power generation in global 
carbon emissions and the efforts toward increasing renewable energy share to reduce 
the overall carbon footprint of energy sector. It presents examples of novel solu-
tions developed for various issues encountered in this process. Furthermore, it also 
discusses the side effects of these novel solutions, how they impact the overall system 
operation, and how they can be mitigated, again with examples from the literature. 
Finally, it draws the conclusions and provides perspectives for future research direc-
tions for interested individuals from the academia.

2.  Energy-related global carbon emissions

Carbon emissions due to energy generation in all of its forms has been the leader 
in sectors related to greenhouse gas emissions. While the historical trend has been a 
steady increase in carbon release into the atmosphere since the early 1900s, a signifi-
cant change in the rate of increase has been observed around 1950s. This trend has 
not changed ever since. It is true that the annual average rate of carbon emissions 
worldwide has been relatively lower in 2023, still with a 410 million tons of emission 
increase, and the overall emissions in 2023 reached 37.4 billion tons, a new record in 
history [10]. It is worthy to note that the increase in carbon emissions between 2019 
and 2023 would have been much higher (around three times as much) had it not been 
for the positive impact of five key technologies for clean energy: electric vehicles, 
solar energy, nuclear energy, wind energy, and heat pump.

Figure 2 shows amounts and annual rate of change of carbon emission-related to 
energy sector in gigatons between 1900 and 2023.

For an optimist, there is good news in these numbers. They show that the clean 
energy initiatives around the world can and do make a difference. The carbon 
emissions growth in the past four years is kept to one-third of what it would have 
otherwise been. In this fashion, global economic growth and prosperity can be 
sustained with a very small change in the carbon emission growth. With the right 
amount of interventions and a bit of luck, that can even be kept to zero; that is, 
there will not be any more carbon emissions growth from year to year; instead, it 
will be kept constant.

On the other hand, a more cynical person, or a more realistic person as they 
like to call themselves more often than not, can interpret these results as all doom 
and gloom. Despite every country and sector doing their best to cut down carbon 
emissions, we could not prevent its growth. What is more worrying is that extreme 
weather events related to greenhouse effect, such as droughts, have had a strong 
impact on power generated from hydroelectric power plants and reduced the overall 
output from this, arguably only dispatchable, renewable source. Instead, fossil fuels 
had to be used that caused 170 million tons of emissions, more than 40% of the 
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overall carbon emissions growth last year. It is possible that the negative impact of 
global warming will trigger more extreme events that could reflect on these values 
more significantly.

A more neutral approach may help us understand that we are somewhere in 
between. We are nowhere near reaching goals set in Paris Agreement, far from it. 
However, we cannot overlook the fact that carbon emissions in advanced economies 
were reduced by around 4.5%, while GDP in these economies increased by 1.7%. 
Thanks to the transformations undertaken by the countries with advanced econo-
mies, their carbon emissions are back where they were roughly fifty years ago. The 
coal demand of these countries is the same as what it was in the 1900s. One of the 
reasons for this change is, unfortunately, due to the migration of industrial endeavors 
to other countries such as China where the annual emission growth was a whopping 
565 million tons. Considering the global overall carbon emission growth was roughly 
150 million tons less, 2023 would have been a year with negative carbon emission 
growth had it not been for China’s carbon-intensive growth model. Carbon emis-
sions per capita is 15% higher in China than in advanced economy countries. Global 
drought mentioned above caused roughly 33% of its emissions growth last year. 
India is another country that has been effected by the change in rainfall, where the 
weak monsoon season caused electricity production to move away from hydro. This 
resulted in a 25% increase in its emissions growth for the year 2023.

Figure 3 shows the total and per capita carbon emissions by different regions. 
It can be observed that European Union, Japan, and US have a downward trend in 
both the absolute amount and the per capita. China and India have both experienced 
significant carbon emissions, although India’s annual growth is smaller.

To understand these trends, it is important to investigate the drivers behind 
these changes. As shown in Figure 4, the biggest change in the European Union was 
renewable electricity deployment. The second largest driver for this reduction in 
carbon emissions was lower industry-related emissions. Hydro and nuclear recovery, 
due to better precipitation and reactors that are put into service after much-needed 

Figure 2. 
Global carbon emissions related to energy, 1900–2023, IEA CC-BY [10].
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maintenance, respectively, were significant factors as well. The biggest driver that 
caused an increase in carbon emissions was the GDP growth (Figure 5).

Lessons learned from the changes in carbon emissions of the US were significantly 
different. The biggest driver that caused the carbon emissions to fall despite a positive 
GDP change was the switch from coal to gas. Renewable energy deployments can be 
cited as the second biggest factor. However, that requires mentioning that half of this 
positive impact has been negated by the poor wind conditions and shortfall of the 
hydroelectric power generation. In other words, renewables had a positive impact, 
but their impact has been limited due to extreme weather conditions. This shows 
that a holistic approach is needed to reduce the carbon footprint of energy sector. 
Sometimes, switching from one fossil fuel to another may turn out to be the biggest 
positive impact.

A final look at Figure 6 shows us that the biggest impact on the global carbon 
emissions is still due to the energy sector. Therefore, the potential for the biggest 

Figure 3. 
Absolute amount and per capita carbon emissions [10].

Figure 4. 
Carbon emission change between 2022 and 2023 in EU [10].
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positive impact or improvement lies therein. The second most influential sector is 
the transport sector. Clean energy use in transport is almost always associated with 
linking it with the electricity sector [12]. Electrification of transport sector, including 
ships, trains, and land vehicles, can be a game changer [13]. This requires proper plan-
ning and charging coordination with the electrical grid [14].

In all emerging market and developing countries (EMDE), the carbon emissions 
have risen for all sectors, that is, energy, transport, industry, and building sectors. 
For advanced economies (AE), all of these sectors have experienced a reduction. The 
world, in general, has experienced carbon gas emission reduction only in buildings 
sector. Considering their relative amounts, energy sector is the most influential and 
promises the biggest change.

Figure 5. 
Carbon emission change between 2022 and 2023 in the US [10].

Figure 6. 
Carbon emissions change by region and sector for 2023 [11].
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3.  Issues related to increasing renewable energy penetration  
in future grids

The previous section discussed what a big role energy sector in general, and elec-
tricity generation in particular, plays in global carbon emissions. Observing this fact, 
researchers have focused their efforts on transitioning from traditional fossil fuels to 
cleaner alternatives. Although it looks like a pretty straightforward decision, there are 
different barriers that hinder a mass migration to these alternative fuel sources.

First of all, these resources are intermittent, which means, unlike fossil fuels, they 
cannot be dispatched at will. This creates a massive issue for power system operation 
and planning [15]. From power system planning point of view, the golden rule is to 
always keep the demand and supply equal. This is not negotiable, and not doing so 
will have detrimental effects on the stability of the system that, in worst cases, may 
lead to blackouts [16].

In traditional power systems with fossil fuel fired power stations, it is relatively 
easy to manage this. Firstly, it is easier to estimate the consumption amount as the 
loads and consumer profiles are not as flexible and more predictable. Secondly, 
thanks to the storable nature of fossil fuels such as coal, oil, or gas, it is possible to 
have a large amount of power readily available and can be dispatched by increasing or 
decreasing the fuel input, thereby ensuring that power generation is equivalent to the 
consumption. Also, in the past, power networks used to have more operation margins 
that allow for changes. For instance, transmission lines were operating much lower 
than their thermal and electrical capacities. The only issue was finding the required 
energy and transmitting it.

Figure 7 shows a sample daily solar radiation in Sultanpur, India [17]. The profile 
is not smooth and has steep transients and constant variations. Furthermore, the 
solar radiation estimation calculations yield only the daily average solar radiation, 
not how it may fluctuate in time. Nor do they take into account sudden changes such 
as cloud coverage. Therefore, solar energy cannot be the primary source of energy in 

Figure 7. 
Variations and fast transients in a typical daily solar radiation profile [17].
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these systems. There should always be some additional measures, such as storage or 
dispatchable generation source, that can step in to meet the demand if solar energy 
fluctuates or diminishes. It is also important to note that most of the renewable energy 
sources are affected by the weather and seasons. Their energy output varies, and their 
seasonal variability needs to be compensated by other means. As shown in Figure 8, 
different seasons such as a dry season or a tropical one have significantly different 
energy outputs. For instance, PV output is very limited in a continental warm sum-
mer setting, while it can meet half of the demand in a tropical setting. It goes without 
saying that successful integration of renewables requires effective mitigation of both 
short-term and long-term variability in their nature [11].

As mentioned earlier, another major issue related to integration of renewable 
energy resources is in power system operation. This manifests itself in the stability 
and health of two key operational parameters, voltage and frequency. For example, 
Figure 9 shows the voltage profile of a 100 V distribution network. On the bottom 
left, a network with no PV penetration is shown. Voltage gradually drops as one gets 
further away from the local transformer [18].

Bottom middle shows when PV panels are installed on these households, and they 
start injecting power into the grid. Since this is not what the distribution networks 
were initially designed for, a significant voltage rise appears. In some cases, this 
voltage rise goes beyond the higher limit. In order to avoid this, and although it means 
rejecting free and clean energy, the PV generation is limited, that is, curtailment. 

Figure 8. 
Seasonal variations in the energy yield of renewable energy resources [11].
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This shows that due to physical restrictions, it is not possible to harvest all the avail-
able renewable energy at a particular location. Even if, feasibility studies show a 
much higher harvestable potential.  In theory, if all the transmission and distribution 
networks are fully refurbished, they can accommodate more renewable penetration. 
However, it is not realistic to expect this due to high costs, regulatory limitations, and 
public disapproval. 

 Issues related to the stability of the frequency are caused by the inverter topologies 
that are used to interface most of the renewable energy resources and storage devices 
to the existing grid [ 19 ]. These topologies are built by solid-state electronics that 
switch at a very high frequency to mimic AC systems. Traditionally, the power grid’s 
frequency is set by rotational motion that takes place inside the synchronous genera-
tors. Due to their physical structure and rotor rotating inside an electromagnetic 
field, these systems have an inertia that resists sudden changes in the interconnected 
system. This is an excellent security mechanism as it inherently gives frequency sta-
bility to the system. As shown in   Figure 10  , inverters have several legs of solid-state 
inverters, some filters, and  advanced measurement and control loops [ 20 ]. They lack 
any rotating parts that would give an inertia to their operation. This is not a big issue 
if the penetration of renewable energy, and the number of inverters that are used to 
interface them to the grid, is not high. It becomes an issue when they are used in very 
high penetrations, in isolated areas or weak grid situations, for instance, places that 
are very far away from the grid to benefit from its stability.  

 Finally, it is possible to cite lack of necessary market and economic tools as a 
barrier as well. Researchers have focused on mitigating technical and physical limita-
tions that hinder deep penetration of renewables. Recently, it has been acknowledged 
that even if technical barriers are entirely removed, there are regulatory and financial 
barriers in place [ 21 ]. This includes centralized bidding structures where small-scale 
or individual power producers cannot participate, regulatory limits about how to sell 

  Figure 9.
  Voltage issues related to local renewable energy generation.          
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energy and which channels to use, bureaucracy around obtaining necessary licenses 
as a producer, consumer, or prosumer etc. Assuming that almost every household or 
electric vehicle owner can participate in the market, the number of participants and 
the information technology infrastructure required to deal with an energy market 
with that many stakeholders make it very challenging. Traditional energy markets 
with centralized market operators and only a handful of participants cannot meet the 
needs of a power grid with very dynamic and active market.

4.  Solutions toward mitigating issues related to higher penetration of 
renewables

Researchers have investigated different approaches to mitigate various issues 
mentioned in the previous section. When it comes to managing non-dispatchable 
behavior of renewables, the solutions focus on creating a generation mix, which may 
or may not include storage systems, to address intermittent and unpredictable nature 
of renewable energy resources. The very basic approach towards this is ensuring that 
the capacity of the storage systems or dispatchable generators is equal to the critical 
loads in a system. In other words, even in a contingency case where the renewable 
energy resource is completely lost, due to cloud coverage for PVs or storm conditions 
for wind turbines, the system can still sustain itself. An example microgrid that is 
designed in a fail-safe manner is shown in Figure 11 [22].

Figure 10. 
A typical inverter topology with advanced control [20].
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 It is also possible to use grid-connection as a fallback mechanism, in case the 
renewable energy sources fail to generate the estimated energy as shown in   Figure 12  . 
Such systems can be designed to harvest as much clean energy as possible, when 
available. In other cases, grid connection can always be utilized to make up for the 
demand-supply mismatch.  

 In both cases presented above, the main objective is to build the most optimal 
system so that the available renewable energy is harvested as much as possible. Some 
researchers have attempted to combine different storage technologies to come up with 
a better cost-performance ratio and a longer life cycle. One such attempt is shown in 
Figure 13   where battery and supercapacitor pair is utilized to make use of different 
characteristics of these technologies [ 24 ]. Batteries need longer times to charge, have 
a limited discharge power, and are affected by charge-discharge cycles which reduces 
their lifetimes. However, they can come in large capacities and are relatively cheaper. 
Supercapacitors, on the other hand, can charge and discharge very quickly, are expen-
sive, and have better charging performance.  

 The benefit of such solutions is that if the intermittency of renewable energy, 
in this case solar, is managed more effectively, it is possible to rely on it more and 
increase its share in the generation portfolio. In case of any issues, the balancing 
system will compensate and ensure reliable operation of the system. In the long run, 
more renewable energy is capture and fed into the system. Especially for setups where 

  Figure 11.
  Microgrid with renewable energy sources and storage system [ 22 ].          

  Figure 12.
  Harvesting renewable energy sources with grid connection [ 23 ].          
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fossil-fuel fired generators are used as fail-safe solutions, as an example see Figure 14, 
this reduces carbon emissions due to the power system generation [25].

A more integrated way of doing this involves communication with all system 
components, for instance, generators, loads and storage devices and, in some 
cases, weather stations for renewable generation prediction. These are called 
energy management systems (EMS) and are designed to monitor the condition of 
the power system and make decisions in real time. As shown in Figure 15, EMS 
controller maintains communication with all components and ensures safe and 
reliable operation of the power system while maximizing renewable energy  
capture such as from wind turbine (WTG) or central receiver solar thermal 
system (CRSTS) [26].

These decisions can be done with a simple flowchart, if-else mechanism, or 
lookup table. However, system based on such deterministic solutions fall short in 
maximizing renewable energy capture. Therefore, more advanced EMS approaches 
incorporate machine learning approaches such as artificial neural networks [27] or 
fuzzy logic [28] to search the most optimal operating point in the solution space. As 
shown in Figure 16 [29], such systems may utilize more than one artificial intelligence 
approach [30–33]. The ultimate objective stays the same: maximizing the renewable 
energy utilization rate while managing intermittency to ensure power system opera-
tion stability.

One important aspect of these solutions is that they require extensive communica-
tion between all components present in a power system [34]. Designing a system 

Figure 13. 
Battery-Supercapacitor pair for enhanced solar energy capture [24].
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where a macro player such as a power producer and a micro player such as an electric 
vehicle in a residential household can exchange mutually legible messages is a tall task 
[19]. This is especially so in power systems where extensive communication or mes-
sage exchanging has not been traditionally implemented [35]. This requires a standard 
communication approach to be developed in power systems. While this topic is very 
broad and cannot be fully discussed in this chapter, interested readers are encour-
aged to refer to these works for further details [36, 37]. An unwanted result of such 
standardization is cybersecurity vulnerabilities that created unprecedented issues in 
power systems [35–43]. This is also a very recent and fertile research field that cannot 
be properly discussed here and needs its own discussion avenue. Interested readers 
can refer to these works as a start [44–50].

Figure 14. 
A microgrid where diesel generator is used as a fallback solution when solar energy is not available [25].

Figure 15. 
EMS design to maximize renewable energy capture [26].
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The above solutions focus only on making sure that the demand and supply are 
equal in a simplistic manner. They do not take operation of power systems and system 
dynamics into account. This is important because when a generation source is lost, 
this has negative impacts on the voltage and frequency of the system. On the other 
hand, too much generation or active power injection causes these parameters to 
increase and reach their limits [37]. Both of these cases need to be carefully avoided. 
Figure 17 shows how an increase in the load disturbs the system frequency and how 
its magnitude as well as its duration are dependent on the controller topology that is 
employed [51]. This shows that using more sophisticated controllers such as (IPD-
(1 + I)) is advantageous. Some researchers focused on using cascaded controllers so 
that the system can be more robust and effected less by the disturbances. As shown 
in Figure 18 [52], such topologies can prove to be much more stable and ride through 
disturbances with less impact and in shorter time.

Figure 16. 
Use of artificial intelligence in energy management systems [29].

Figure 17. 
Traditional controllers and their reaction to load increase in a system observed as a frequency disturbance [51].
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Figure 19   shows how a 1% increase in the system load disturbs the system fre-
quency and how long different controllers need to stabilize it [ 53 ]. Here, two different 
optimization algorithms have been utilized to enhance the response time and opera-
tion of the controllers: African vulture optimization algorithm (AVOA) and a version 
of AVOA that is enhanced by sine cosine approach, that is, Sine Cosine-Adopted 
African Vulture Optimization Algorithm (SCaAVOA).  

 It is a very dynamic and active research field where such different optimization 
algorithms are implemented and benchmarked against each other under different 
power system conditions [ 54 ]. There are different inspirations for such optimization 
techniques. A recent development has showed that imitating behaviors observed in 
the nature may prove to be very useful in such situations [ 55 ].   Figure 20   [ 56 ] shows 
how a power system can become more robust and stable when different nature-
inspired optimization algorithms are employed. Expectedly, the more robust a system 
is, the more renewable energy deployments it can accommodate as it can effectively 

  Figure 18.
  Comparison of different controller topologies, cascaded controllers are more stable with less overshoots [ 52 ].          

  Figure 19.
  Frequency disturbance caused by 1% increase in system load and its reduction with different control 
approaches [ 53 ].          
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mitigate the intermittent nature of these resources. It is very exciting to see that 
carbon footprint of power systems can be reduced with solutions received from the 
nature. In a strange way, nature helps lift off burden of carbon emissions from the 
nature itself.

In addition to controller and optimization approaches discussed above, there are 
full-fledged novel technologies or devices that are developed to support this transi-
tion. The two leading concepts are smart inverters and inverters with virtual inertia. 
Smart inverters, also known as inverters with advanced capabilities, are devices that 
can provide additional grid support such as reactive power injection [57]. Figure 21 
shows how smart inverters provide positive or negative reactive power into the 
system to provide stability, depending on the system voltage [58]. When this figure is 
contrasted with the case depicted in Figure 9, the distinction between conventional 
inverters and smart inverters becomes clearer. Due to their benefits, smart inverters 
are required by several grid operators for renewable energy deployment [59]. Similar 
implementation can be done to provide frequency support via frequency-watt control 
in smart inverters [60].

In a similar fashion, virtual inertia is an effort to mitigate the negative impacts of 
inverter-interfaced renewable energy resources on the system. Control mechanisms 
in inverters is revised to include resistance to voltage and frequency changes as a real 
electric machine with rotating parts would [61]. With this much needed change, the 
inverters are being converted from being grid-following into grid-forming invert-
ers. When frequency-watt capability is combined with df/dt capability in smart 
inverters, virtual inertia can be successfully implemented. Figure 22 shows control 
hardware in the loop testing for a smart inverter controller that has fully functioning 
virtual inertia capability [62]. Disturbances in the system such as load or generation 
change triggers a frequency disturbance. In order to recover frequency to its nominal 
value, that is, keep the system stable, smart inverter with virtual inertia capability 
exchanges reactive and active power to ensure that frequency change is limited and 
returned to its value.

The solutions and technologies discussed above focus on one thing and one thing 
only: to reduce negative impacts of renewable energy sources on the power system 
operation with an aim to maximize their penetration. This is the gateway towards 

Figure 20. 
Benchmarking of different optimization techniques to stabilize speed, differential evolution (DE), genetic 
algorithm (GA), whale optimization algorithm (WOA), and grasshopper optimization algorithm (GOA) [56].
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reducing the share of fossil-fuels in energy sector and reducing the carbon footprint 
in a significant way. The final piece of the puzzle lies with the energy markets. 
Traditional markets were designed for bulk energy trading, which addresses mostly 
fossil-fueled power stations, with the exception of hydroelectric and nuclear power 
plants [63]. Successful integration of renewable energy resources requires these 
paradigms to change [64, 65]. Generation at much smaller scale should be possible; 
non-dispatchable generation should be accepted, and auxiliary services to stabilize 
the system should also be incentivized and monetized [66, 67]. Distributed nature 

Figure 21. 
Volt-Var functionality implemented in smart inverters [58].

Figure 22. 
Virtual inertia implemented in smart inverters [62].
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of renewable energy resources and the fact that peer-to-peer energy trading is much 
more convenient lends itself to novel trading ideas such as Blockchain as shown 
in   Figure 23   [ 68 ]. This will unlock the potential of independent, distributed, and 
deregulated energy markets [ 69 ].  

   5.  Conclusions 

 Replacing fossil fuels with clean renewable energy resources is not an option 
anymore. Changing weather conditions, more frequent extreme weather events, and 
their apparent impacts on life make it clear that a transition must be made. As one of 
the biggest sources of carbon emissions, power sector’s transformation will have large 
impact. Furthermore, when integrated with the transportation sector, another big 
carbon emission source, an interdisciplinary solution can be developed. 

 The solution lies in harvesting clean and mostly nondepletable renewable energy 
resources and replacing fossil fuels with them. There is more than enough potential in 
alternative energy sources such as solar, wind, wave, and geothermal. However, their 
non-dispatchable and non-predictable nature creates issues for power engineers. It 
is not possible to fully rely on these resources without compromising the health and 
stability of the entire power system. Researchers have been working towards develop-
ing novel approaches, solutions, and devices that will mitigate these negative impacts. 
These solutions have been covered in this chapter in detail, what part of the problem 
they address, and how they do it. 

 This research field is very promising, and there are exciting opportunities for 
future work. Development of an inverter with a comprehensive virtual inertia func-
tionality is an important step towards reducing carbon footprint of the energy sector. 
Integration of all power system systems and devices with a common language for bet-
ter monitoring and control is an active research field. Due to competing interests, dif-
ferent stakeholders lock horns and make it very difficult to come up with an ultimate 
solution. Integration of household items and smart meters with larger systems creates 
opportunities for solutions such as demand side management and energy dispatch at 
the consumer end. However, these systems create cybersecurity and privacy issues 
that need to be tackled before such systems can be implemented at large scale.   

  Figure 23.
  Renewable energy trading with Blockchain technology [ 68 ].          
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Chapter 2

Post-Combustion Carbon dioxide 
(CO2) Capture Technologies for 
Light Vehicle Internal Combustion 
Engines: A Technical Review of 
Present Trends, Challenges, and 
Prospects towards Reducing Global 
Carbon Footprint
Promise C. Anyanwu

Abstract

In the past decade, global attention has focused on global warming and the 
resultant climate change occasioned by the massive release of anthropogenic green-
house emissions, mainly carbon dioxide (CO2) into the atmosphere. To achieve 
net-zero targets by 2050, it is necessary to decarbonize high carbon-polluting sectors 
such as road transportation. According to several reports, internal combustion (IC) 
engine-driven road vehicles are among the biggest CO2 emitters globally; hence, the 
deployment of novel carbon capture and storage (CCS) technologies in the sector is 
considered as a significant measure for scaling down carbon footprint. This review 
discusses various carbon capture technologies, with emphasis on post-combustion 
capture techniques. It further highlights on solid adsorbent materials that hold prom-
ising potentials for adsorption-based CO2 capture and scholarly works that focus on 
their synthesis, modification, and use. The present trends in the development of solid 
adsorbent-based mobile post-combustion CO2 capture devices for IC engine-driven 
road vehicles are discussed. The review also elucidates the current barriers to the 
economic-scale implementation of the current technologies. Future prospects and 
suggestions for advancements are presented, with particular emphasis on the synthe-
sis of low cost, nano-sized materials. The chapter concludes with key findings and the 
overall impacts of implementing CCS technologies.

Keywords: carbon dioxide (CO2), climate change, global warming, internal combustion 
engine, road transport, adsorption, post-combustion capture, nanomaterials
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1.  Introduction

Modern day internal combustion (IC) engine created by Nicolaus Otto in 1876 
is unarguably one of the mankind’s greatest inventions in history. As implied by the 
name, mixed fuel/air combustion takes place within a combustion zone where motive 
power is equally developed and extracted. Over the years since its development, the 
IC engine has been the primary prime mover for road vehicles, marine boats, ships, 
some aircrafts, and many stationary applications. The engine is typically powered by 
fossil-based fuels such as gasoline, diesel, natural gas, and renewable biofuels, such as 
bioethanol and biodiesel.

For over a century since its invention and subsequent improvements, the internal 
combustion engine has been a major driving force of industrialization and has played 
a significant role in societal development. However, with rising global energy costs 
and environmental concerns, there are campaigns from various quarters for a global 
ban and total phase out of IC engines. This is mainly due to the harmful emissions 
from their operation, which are detrimental to health and the environment. In recent 
times, global warming and the resultant climate change effects have gained serious 
attention and triggered actions from various segments. Many consider the adoption 
of electric vehicles (EVs) and other battery-powered renewable technologies as solu-
tions for sustainable eco-friendly transportation in the future. Some experts also view 
the adoption of low-carbon fuels for aviation and marine operation and adoption of 
policies that promote more of public transportation as vital tools that will help achieve 
global climate goals.

The focus of this chapter is on road transport vehicles, which are widely consid-
ered as principal sources of hydrocarbon emissions, particularly in urban centers. 
Road transportation alone accounts for about 12% of greenhouse gas emissions 
globally [1]. Depending on the fossil fuel consumed, typical motor vehicle tailpipe 
emission may include particulate matter (PM), volatile organic compounds, nitrogen 
oxides (NOx), carbon monoxide (CO), sulfur dioxide (SO2), and carbon dioxide 
(CO2). Several generations of catalytic conversion and other emission-reducing 
systems have been developed and deployed on vehicles over the past decades. These 
systems are designed to limit pollutants, such as CO, NOx, and PM, in conformance 
to various European emission standards. However, despite these advancements in the 
exhaust system, CO2 remains an end product of fossil fuel combustion. As a domi-
nant greenhouse gas, which contributes significantly to global warming and climate 
change, the sequestration, safe storage, and recycling of CO2 has been a key subject 
of both scientific and socio-economic attention globally. According to Tiseo [1], 
transportation generally accounts for 20% of global CO2 emissions and is the second-
largest carbon-polluting sector worldwide behind coal power generation. Over three 
quarters of this amount is from road transportation alone, representing about 15% 
of global CO2 emissions. Out of this figure, passenger vehicles including cars, busses, 
and vans are the biggest emitters with a combined contribution of about 54%. The 
contribution of trucks conveying freight stands at about 25%. These numbers are 
quite significant and largely underpin the importance of reducing road transport-
associated CO2 emission. This will play a huge role as the world takes decisive actions 
in addressing climate change (Figure 1).

According to the United Nations Paris Agreement signed in 2016, there is a global 
target of achieving net-zero carbon emission by 2050 [2]. Based on current industry 
trends, expected technological advancements, and forecasts, CO2 emission from the 
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road transport is projected to peak by 2025 [1]. With increase in the global popula-
tion, comes the rise in vehicular traffic [3]. The International Energy Agency [4] 
in its recent energy technology perspectives report projected a 100% increase in 
transportation, with a 60% rise in private vehicle ownership by the year 2070. This is 
in consideration of the present rate of global population growth. It also forecasted a 
200% increase in passenger and freight airlifting. A close look at these figures shows 
that an increase in transport emissions is envisaged, indicating that the sector would 
still be a major contributor to energy-related emissions by the projected year.

Although developed nations have higher percentage of private-owned vehicles, air 
pollution and traffic gridlocks are worse in the developing and underdeveloped world 
[5]. Also, while developed nations are advancing in the adoption of green technologies 
and other policies to combat climate change, the rest of the world is lagging behind 
in implementing the same. Some of the countries struggle to formulate strategies for 
cost-effective mass transportation systems that will pose less detrimental effects on 
the environment. Given present socio-economic scenarios and realities in these parts 
of the world, fossil-fueled vehicles are envisaged to remain dominant in the foresee-
able future; hence, the task of fully decarbonizing road transportation would be a 
tall order to accomplish by 2050. Interestingly, the substantial reduction of energy-
related CO2 emission using various carbon capture and storage (CCS) technologies 
has been highlighted in various reports. However, given the hugely significant yearly 
contribution of road transportation to global CO2 emission, onboard mobile carbon 
capture represents a vital component for achieving net-zero targets. Alexander et al. 
[6] suggest that the integration of CCS technology in the transport sector could be an 
excellent way to keep the existing internal combustion engines in the market under 
the future net-zero CO2 emission scenarios with a potential phase out of fossil fuels. 
Unlike power plants in which CCS systems are installed in the stationary mode, the 
adoption of the onboard mobile technology for road vehicles must consider its adap-
tation to IC engine operating dynamics, such as variations in mass flow and species 
concentrations in the flue gas, due to varying engine speed and load. In this direction, 
several studies [7–9] have emphasized the need to combine CCS technology with 

Figure 1. 
Distribution of CO2 emissions from global transportation in 2022 (source: [1]).
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cleaner (less carbon-intensive) fuels that produce low CO2 and particulate matter 
emissions to reduce their impact on the operation of the system.

Presently, there are efforts toward developing efficient CO2 capturing devices for 
IC engine-driven road vehicles. This technical review, therefore, aims at ascertaining 
the achievements of various researchers in this direction. First, a brief overview of IC 
engine CO2 emissions and the greenhouse effect is presented. Then, brief discussions 
on CO2 capture technologies, with emphasis on post-combustion capture techniques 
follow. A review of solid adsorbents for adsorption-based CO2 capture is then pre-
sented, highlighting previous and ongoing research works that focus on their syn-
thesis and modification for improved performance. Thereafter, a review of various 
patents and research studies on mobile CCS technology is presented. The challenges 
of the existing systems, prospects, and suggestions for advanced work are further 
discussed. Generally, this review chapter aims to contribute to the growing research 
efforts toward the advancement, cost-effective, and full-scale implementation of 
mobile CO2 capture technology on IC engine-driven road vehicles as an approach to 
combat climate change.

2.  Internal combustion engine emissions

Flue gases or combustion products from IC engines are pollutants that distort 
the natural composition of the atmosphere. Data provided by the World Health 
Organization [10] indicate that the majority of the world’s population inhale air 
containing these harmful substances, which exceed stipulated safe levels, particu-
larly in developing and underdeveloped nations. Some of the substances are toxic 
and hence portend great danger to human health. They are known to cause severe 
respiratory problems, skin disorders, visual impairments, intestinal diseases, infant 
deformities, and other ailments, giving significant rise to mortality rates across the 
globe [11]. For instance, a 2020 estimate indicates that about 3.2 million deaths per 
year are attributable to air pollution, over 7% of which are children under the age 
of five [10]. Generally, the health effects associated depend on the nature of the 
substance, concentration, extent of exposure, and a person’s immunity level. Aside 
posing serious threats to human health, some of the emitted substances are heat-
trapping in nature, hence contribute adversely to global warming, which conse-
quently gives rise to climate change. Typical internal combustion engine tailpipe 
emissions may include particulate matter (PM) and greenhouse gases such as carbon 
dioxide (CO2), carbon monoxide (CO), nitrogen oxides (NOx), sulfur dioxide 
(SO2), volatile organic compounds (VOCs), polycyclic aromatic hydrocarbons, and 
hazardous heavy metals, such as lead [12]. Although the other gases may be consid-
ered harmful with their respective global warming potentials, emphasis mainly lie 
on carbon dioxide (CO2), being the most dominant greenhouse gas emission in the 
atmosphere (Figure 2).

2.1  Greenhouse effect of carbon dioxide (CO2) emission

Carbon dioxide is a primary combustion end product along with water vapor 
and a very important component of the carbon cycle. However, it remains the larg-
est contributor to global warming and driver of climate change with a net positive 
radiative forcing estimated at about 3.7Wm−2 [14]. Radiative forcing is defined the 
difference in the solar radiation absorbed by the earth and the energy radiated back to 
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space. It is a measure of the influence of a given climatic change factor on the amount 
of downward radiant energy that reaches the earth’s surface, as measured in watts per 
square meter. As of May 2022, the average global concentration of CO2 in the atmo-
sphere was 421 ppm (parts per million) [15]. This is a massive increase compared to 
its value at the start of the industrial revolution era, estimated at about 280 ppm [16]. 
Several anthropogenic (human) activities are responsible for this rise, mainly fossil 
fuel combustion. The problem has been exacerbated by the indiscriminate burning 
of green vegetation (bushes and forests) and falling of trees, which are designated by 
nature to be CO2 sinks. In the past decades, post-combustion CO2 capture and storage 
(CCS) has been a major issue for global attention and research. It is considered as a 
critical technology for reaching net-zero emissions.

3. CO2 capture technologies

Depending on the application, CO2 capture can be achieved by three main 
approaches, namely, pre-combustion, oxy-fuel combustion, and post-combustion 
[17]. In the pre-combustion capture process, the hydrocarbon fuel undergoes catalytic 
steam reformation (gasification) to produce synthetic gas composing of carbon mon-
oxide (CO) and hydrogen (H2). CO undergoes a further reaction with steam (referred 
to as shift reaction) to produce CO2 and more hydrogen gas. The CO2 is then trapped 
in a sorbent, while the hydrogen may be used as green fuel in a combustion turbine 
or a fuel cell application. Oxy-fuel combustion capture involves burning with pure 
oxygen rather than air, so as to maximize CO2 yield and facilitate easier capture. Post-
combustion capture involves the use of sorbents to separate CO2 from the exhaust gas 
produced from the combustion process. It is easily adaptable and offers the advantage 
of being retrofitted to existing combustion systems in power plants and industrial 
facilities [18].

3.1  Post-combustion CO2 capture

The main techniques for post-combustion CO2 capture include amine absorption, 
membrane separation, cryogenic separation, carbonate looping, and solid sorbent 
adsorption [19, 20]. The liquid amine absorption is the most popular and widely 
adopted technique, especially in power plants due to the affinity of CO2 to amine 
solvents [20–22]. However, the technique lends itself to several limitations such as 
high-energy requirements for regeneration, high capital intensity, chemical instabil-
ity, toxicity, and corrosive tendency of the process equipment [23, 24]. These factors 

Figure 2. 
Internal combustion engine tailpipe emissions (source: [13]).
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greatly limit its application for mobile CO2 capture, although it has been proposed as a 
viable option for marine application [25–27].

Membrane separation involves isolating CO2 from flue gas streams using high 
CO2-selective membranes. The technique was originally deployed as an alternative to 
amine scrubbing in natural gas processing, but presently has extended applicability [28]. 
This is due to advantages such as low capital cost, less space requirements, and energy 
consumption [29, 30]. The operating process is simple and environmentally friendly as 
opposed to amine-absorption process. During the process, the membrane functions as a 
filter or molecular sieve, allowing only CO2 molecules to permeate, while other molecules 
are restricted. The process utilizes characteristics such as chemical affinity/reactivity 
and kinetic diameter of the molecules [28]. Cellulose acetate and polymers (polycarbon-
ates, polyamides, etc.) are common membrane materials that have been deployed for 
post-combustion CO2 capture [31]. However, there are recent advancements regarding 
the application of non-polymeric materials such as activated carbon, zeolites, silica, and 
metal-organic frameworks (MOFs) for membrane-based post-combustion CO2 capture 
[28]. The major challenge, with adopting this technology for mobile applications, such as 
IC engine, is the low CO2 volumetric fraction in the flue gas that is approximately 15%, 
which results in insufficient pressure required to drive optimum CO2 permeation [31]. 
Other limiting factors include chemical degradation, vapor accumulation, and a poten-
tial reduction in operational stability due to plasticization [32].

Cryogenic separation utilizes low temperatures to isolate and purify CO2 from flue 
gas. The technology involves a series of thermal processes (compression and expan-
sion) that condenses and distills liquid CO2 or precipitates frozen CO2 from the flue 
gas stream. This is achieved by first cooling and drying the flue gas stream within a 
range of very low temperatures that allows for easy separation of CO2 from other con-
stituents of the stream. It is an effective CO2 capture technique that offers high CO2 
recovery rates and purity levels [33]. The overall capture efficiency, however, depends 
on temperature and pressure at the end of the expansion process [34]. The technology 
is straightforward and requires no chemicals or reagents. It produces readily convey-
able CO2 and is suitable for industrial-scale applications with large volumes of CO2. 
However, the drawbacks that limit its use in mobile capture application include its 
relatively higher capital and operational costs and possibility of process blockage by 
other frozen constituents such as water, NOx, and SOx [35].

Carbonate looping is a post-combustion CO2 capture technique that basically involves 
a reversible chemical reaction between metal oxides and the CO2 contained in the flue 
gas to produce metal carbonates. Calcium carbonate looping is the most developed and 
commonly applied form of this technology. The process encompasses two main stages: 
carbonation and calcination [36]. The carbonation stage involves CO2 adsorption or 
chemisorption on the calcium oxide (CaO) adsorbent to produce calcium carbonate 
(CaCO3). The reaction is exothermic and occurs rapidly. The reverse stage calcination 
(CO2 desorption) is slower and largely endothermic. It involves the thermal decom-
position of the calcium carbonate to yield solid calcium oxide and CO2. The near-pure 
stream of CO2 is then extracted and purified for storage or use, while the calcium oxide 
adsorbent is regenerated for the subsequent cycle. It is noteworthy that while the pro-
cess can be theoretically repeated infinitely, the calcium oxide sorbent degrades as it is 
recycled [36]. Due to this, it is necessary to purge out some of the used sorbent from the 
system and replace it with fresh sorbent. The size of the purge stream compared with 
the amount of sorbent going round the cycle affects the process considerably [37]. The 
calcium carbonate looping technology offers some advantages compared to conventional 
amine-absorption systems such as reduced energy penalty and the use of a cheap, widely 
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available, and environmentally friendly adsorbent [38]. The drawbacks of the technology, 
which also limit its use for mobile application, include high capital cost of installation and 
rapid sorbent deactivation [39]. The latter is a significant decline in the sorbent’s adsorp-
tion capacity and reactivity over a number of carbonation-calcination cycles, requiring a 
constant flow of fresh adsorbent in order to maintain the desired CO2 capture efficiency  
[37, 40]. This obviously increases the operational and maintenance costs of the technology.

Generally, the above technologies are mainly suited to industrial applications, such 
as power plants. Thus, for small to medium scale applications, such as road vehicles, 
increased focus is on the deployment of the adsorption technique. This has given 
rise to the development of solid adsorbent materials, which possess excellent carbon 
capture capabilities. In the case of road vehicles, a promising approach is to directly 
trap the emission from source using retrofitted tailpipe emission capture devices 
developed with suitable adsorbent materials.

3.2  Solid adsorbent materials

Solid adsorbents are excellent and attractive candidates for point-source post-
combustion carbon capture due to their less energy requirements and eco-friendli-
ness [41–44]. They offer other advantages such as low cost, high availability, good 
textural quality, hydrophobicity, long-term stability, and easy regeneration [45–48]. 
They are basically classified as high-, medium- or low-temperature materials based 
on their thermal capabilities and operating temperatures [17, 49, 50]. They can also 
be classified as physical or chemical adsorbents depending on their nature. Physical 
solid adsorbents are typically porous materials such as zeolites, metal-organic frame-
works (MOFs), covalent organic frameworks (COFs), porous polymer networks 
(PPN), silica, alumina amine-doped materials, and carbon-based materials, such as 
graphene, carbon nanotubes, carbon fibers, and activated carbon from bio-resources 
[21, 23, 51]. They are basically low-temperature materials (below 200°C), and adsorp-
tion of CO2 on their pores at ambient temperature is on the basis of van der Walls 
and polar interactions [52, 53]. The capture performance of the physical adsorbent is 
influenced by the textural characteristics of the walls of the pores [54–56]. In some 
instances, to resist the effect of gas selectivity and enhance CO2 capture, the physical 
adsorbent may be doped with an amine solvent, which has excellent chemical affin-
ity with the gas [53, 55]. On the other hand, chemical adsorbents consist of oxides 
of metals such as calcium oxide (CaO), aluminum oxide (Al2O3), and titanium oxide 
(TiO2) [34]. Others include hydrotalcites, metal silicates, and zirconates [21]. The 
adsorption temperatures of chemical sorbents are typically higher than their physical 
counterparts. Also, in contrast to the adsorption process with physical sorbents, CO2 
capture is on the basis of chemical bonding (chemisorption) between the molecules 
of the gas and the chemical sorbent [54, 55, 57]. The process is reversible, and the CO2 
adsorption/desorption cycle is temperature and pressure dependent [18, 58]. During 
the process, either a pressure swing or temperature swing separation technique is 
adopted in isolating CO2 from other constituents of the flue gas [59, 60]. The high 
enthalpy of automobile exhaust gas favors the adoption of the temperature swing 
adsorption (TSA) technique. However, concerns have been raised about the limita-
tions of the process, such as low loading capacity (mass of CO2 captured per mass of 
material) of the sorbents. This requires that a sizeable amount of material must be 
provided to achieve more quantities of captured CO2. Also, some of the chemical sor-
bent materials may be hydrophilic in nature. This results in a reduction in adsorption 
capacity, especially in instances where the exhaust gas has high-water content [61].
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3.3  Functional characteristics of solid adsorbent materials

To effectively trap or isolate CO2 from the exhaust gas, solid adsorbents must pos-
sess a range of important functional characteristics. These will ensure that they meet 
the required technical and economic standards for cost-effective post-combustion 
CO2 capture, under a variety of working conditions. The most important characteris-
tics, which constitute vital selection criteria, are discussed as follows [20, 62, 63]:

3.3.1  Adsorption capacity

This refers to the maximum amount of the gas (adsorbate) than can be adsorbed 
by the sorbent material at equilibrium state (adsorption rate equals desorption rate at 
the solid-gas interface) under given conditions of temperature and pressure. It is an 
important characteristic and selection criterion, which is influenced by the specific 
surface area, pore size, and surface reactivity of the adsorbent.

3.3.2  Gas selectivity

This is the most vital attribute of a physical adsorbent and refers to the degree 
to which the required adsorbate (CO2) can permeate and be separated from other 
constituents of the flue gas stream. It is a measure of the effectiveness of an adsorbent 
in trapping CO2, especially in cases involving multicomponent gaseous mixtures, such 
as flue gas. It is influenced by the pore size, pore geometry, pore distribution, and the 
material’s affinity for CO2. It determines the quality/purity of CO2 adsorbed, which 
gives idea about the cost-effectiveness of the capture installation.

3.3.3  Reaction kinetics

This refers to the rate at which the reaction takes place. It determines the speed of 
the adsorption/desorption cycle and is influenced by the surface characteristics of the 
sorbent, molecular size of CO2, concentration of CO2 in the flue gas stream, and the 
kind of bonding that takes place. Ideally, for an excellent adsorbent material, reaction 
kinetics should be significantly fast to ensure less residence time required to reach 
interfacial equilibrium and promote fast regeneration.

3.3.4  Pore characteristics

This refers to the shape and size of the pores, which directly influence the effec-
tiveness of the adsorption process. The relative size of CO2 molecules is about 2 nm; 
hence, effective primary adsorption is achievable within the nanopores and micro-
pores. The mesopores and macropores can serve as mechanism for CO2 transport 
within the adsorbent.

3.3.5  Chemical and thermal stability

In most instances, solid adsorbents have to endure harsh chemical conditions dur-
ing operation. Typically, the exhaust gas stream contains harmful compounds such as 
carbon monoxide, nitrogen oxides (NOx), and volatile organic compounds (VOCs) 
that may degrade the strength or integrity of the material. They may also be subjected 
to extreme temperatures and pressures. Thus, it becomes very necessary that they 
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possess robust stability and exceptional resilience under these harsh conditions of 
operation to ensure longevity, maintain high adsorption capacity, and continuous 
regeneration and reuse.

3.3.6  Sound mechanical properties

The adsorbent should possess excellent tensile and compressive strengths, hard-
ness, and toughness in order to resist the effects of abrasion and crushing during its 
operation. These properties directly influence the efficiency of the process and the 
overall cost of the installation.

3.3.7  Ease of surface functionalization/enhancement

To improve the adsorption capacity and/or CO2 affinity of the sorbent material, it 
may require surface functionalization or enhancement. This typically involves doping 
it with an amine-based solvent which contains a vital functional group. The chemical 
nature of the surface comes handy in this respect. The outer surface may also be func-
tionalized to be hydrophilic (polar), while the internal structure remains hydrophobic 
(non-polar). This is a particularly important feature in the case of contact with flue 
gas streams with high-water content.

3.3.8  Regeneration capacity

Following the adsorption cycle in which CO2 completely fills the pore volume and 
surface of the adsorbent, desorption (removal) of CO2 molecules takes place in order 
to regenerate the adsorbent and restore it back for another cycle of operation.

3.3.9  Reliability and durability

The operational stability during cycles and the longevity of solid adsorbent 
materials are key selection criteria, which influence the frequency of material change 
and an indication of the cost-effectiveness of the installation.

3.3.10  Low cost

This is an important techno-economic consideration in developing adsorbent 
materials for CO2 capture. The material should be easily accessible and capable of 
being produced with minimal cost. This will impact on its commercial scalability.

3.3.11  Environmental friendliness

In an era of environmental consciousness, it is important that used adsorbent 
materials do not pose toxic effects or cause ecological harm when disposed.

4.  Nano-sized materials for mobile post-combustion CO2 capture

The functional characteristics elucidated above are the general requirements for 
effective post-combustion CO2 capture for an adsorbent. However, reducing the size of 
material particles to the nanoscale provides unique physical and chemical attributes that 
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Figure 3. 
Different zeolite pore structures (source: [68]).

favors post-combustion CO2 capture. Generally, nano-sized particles allow for unique 
interactions that are not practically achievable at larger scales. The attributes include high 
surface area to volume ratio for increased chemical reaction and enhanced adsorption 
capacity, high surface energy, spatial confinement with minimal structural imperfec-
tions, high thermal stability, high mechanical strength, etc. In addition, they are highly 
energy-efficient, economical, and eco-friendly [64]. As an emerging area, research works 
that focus on their use for CCS applications are relatively few in literature; hence, the 
gains derivable from these favorable attributes have not been fully explored. However, 
it is believed that the purposeful synthesis of carbon nanotubes, nanoporous silica, 
graphene, and zeolite nanoparticles among others for mobile post-combustion capture 
devices could offer significant improvement in terms of capture performance and process 
efficiency. There is also a growing interest in the use of nanostructured separation mem-
branes for mobile CO2 capture. They are considered to be highly energy-efficient (utilize 
only about 8% of energy generated), and their low cost can significantly cut down overall 
cost of installation [65]. Available forms include polymer nanostructured membrane, 
carbon molecular sieve membranes, and ceramic nanostructured membranes.

4.1  Zeolite nanoparticles

Presently, zeolites are among the most economically available materials for post-com-
bustion carbon capture. They possess a tetrahedral crystalline structure, which basically 
consists of aluminum and silica. This framework allows for a variety of pore structures 
[51]; hence, they can be considered microporous, mesoporous, or nanoporous. Several 
kinds of zeolite materials with modifications, such as HZSM-5 and M-ZSM-5, have 
been deployed as sorbents in direct air CO2 capture (DAC) technology [66]. Generally, 
zeolites are popular capture materials for several factors, including high selectivity for 
CO2 uptake, regularized pore structure with interconnected channels, large surface area, 
modifiable textural properties, and molecular sieve effect [67]. However, despite these 
positives, they have inherent challenges, which limit their advanced application. A major 
constraint is the high energy required for quick desorption and regeneration owing to 
strong adhesion of CO2 on their pore surface. Also, their hydrophobic (water-sensitive) 
nature is a limiting factor for high adsorption efficiency and quick regeneration, 
especially in applications involving flue gas with high-water content. However, despite 
these shortfalls, they remain viable candidates for the development of low-cost tailpipe 
CO2 capture devices due to their wide availability. With advancements in CO2 capture 
technology, the synthesis of nano-sized zeolite particles could offer some improvement 
in terms of performance (Figures 3 and 4).
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Zeolites are among the most researched materials for adsorption-based CO2 
capture owing to their wide availability. Research efforts have focused on address-
ing their performance limitations through modification or composite synthesis. 
Ullah et al. [69] studied CO2 adsorption on six different kinds of modified zeolite 
adsorbents comprising of three ZSM-5 (CBV-2314, CBV-3024E, and CBV-5524G with 
Si-Al ratio of 23, 30, and 50, respectively), zeolite-Y (CBV-300), zeolite-𝛽𝛽 (CP814E), 
and mordenite (CBV-21A) at high pressure of 200 bar and at different temperatures 
of 35, 50, and 65°C. Experimental result showed that zeolite-𝛽𝛽 had the highest CO2 
uptake of 72 mmol/g at 35°C, although it exhibited relatively lower selectivity for 
the adsorbate. However, ZSM-5 (CBV-2314) recorded the lowest CO2 capture of 
19 mmol/g under similar test conditions. The researchers attributed the high CO2 
adsorption recorded for zeolite-𝛽𝛽 over other sorbents to the large Si-Al ratio and its 
pore structure and volume. Similarly, the performance of amine-functionalized 
zeolite-𝛽𝛽 was investigated by Madden et al. [70]. The adsorbent was doped with 
amino-propyltriethoxysilane to reduce its surface area to about 23 m2/g from 454 
m2/g. The test results showed very significant improvement in CO2 adsorption capac-
ity and enhanced material stability after repeated cycles, even under wet conditions. 
The stability was attributed to the presence the silicon group in the doping agent, 
which attaches to the pore surface of the parent material. This also lowered the CO2 
desorption temperature (60°C), indicating that the adsorption/desorption process is 
dependent on the position and pore structure of the functional group. Another study 
by Panda et al. [71] compared the CO2 uptake efficiency of zeolite HZ4A-13 under dry 
and wet conditions. Test results showed that the material achieved a 34.67% increase 
in CO2 uptake compared to the dry state at 0.15 bar. This is indicative of its enhanced 
performance in limiting the adverse effects of water in the flue gas at low pressure. 
The material also exhibited superior CO2 uptake efficiency when compared to zeolite 
5A and zeolite 13X; hence, it was proven to be a viable option for wet flue gas CO2 
capture.

4.2  Graphene and graphite nanoparticles

Graphene is a basic carbonaceous material with a two-dimensional honeycomb-
like lattice structure. It possesses good characteristics for CO2 capture, which 
includes large surface area, high adsorption capacity, electrical conductivity, 
mechanical stability, and ease of surface modification. However, graphene has less 
functional groups and its strong intermolecular interaction limits its compatibility 

Figure 4. 
Mechanism of CO2 adsorption on zeolite particles (source: [20]).
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and ease of dispersal [72]. Thus, it is mostly deployed in alternate forms, such as 
graphene oxide, which possess better properties [20]. Graphite is another low cost 
and commercially available option for post-combustion CO2 capture. Its molecular 
structure consists of graphene layers connected by weak van der Waals forces. 
CO2 adsorption between the layers is made possible by moderating their spatial 
distances. However, due to its weak affinity for CO2 and small surface area for suf-
ficient adsorption, it is best suited as base material in the synthesis of composites, 
surface-activated, or doped with an amine-based solvent to improve its CO2 uptake 
(Figure 5) [20].

Several studies on modified forms of graphite and graphite oxide for enhanced 
CO2 capture are reported in literature. Mishra et al. [73] showed that graphite nano-
platelets have good CO2 capture potential at elevated working pressures. Hong et al. 
[74] functionalized graphite oxide with 3-aminopropyl-triethoxysilane to enhance 
its CO2 affinity and adsorption capacity. The material also exhibited high thermal 
stability during the operational cycles. Similarly, Dominguez et al. [75] employed 
sodium dodecyl sulfate as doping agent to enhance CO2 adsorption on a graphite 
surface. Zhao et al. [76] studied the performance of various urea-doped graphite 
materials for CO2 capture. The material with the highest nitrogen fraction showcased 
superior performance (CO2 uptake of 4.23 mmol/g at 25°C) under dry conditions. 
Similar studies on modified graphene have also been reported. Xia et al. [77] modified 
the structure of porous graphene for enhanced CO2 capture through chemical activa-
tion using potassium hydroxide (KOH), CO2, and graphite oxide. Tests conducted 
at 0°C and 1 bar yielded a peak adsorption value of 4.06 mmol/g. Another popular 
modification of graphene-based adsorbents is attaching organic functional groups 
to the graphene surface. Amine functionalization has also been employed to enhance 
the functional characteristics of graphene for enhanced CO2 capture. In a study by 
Hosseini et al. [78], graphene oxide samples modified with three different amine 
solvents, including triethylenetetramine (TETA), meta-phenylenediamine (MPD), 
and pentaethylenehexamine (PEHA), were tested at ambient conditions (25°C and 
1 bar). Results showed significant improvements in CO2 uptake and selectivity over 
N2 for the three samples. In summary, it may be noted that surface functionalization 
plays a significant role in boosting the effectiveness of both graphite and graphene for 
CO2 capture.

Figure 5. 
Structure of graphite (source: [20]).
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4.3  Carbon nanotubes (CNTs)

Carbon nanotubes are considered as suitable post-combustion capture materials 
because they possess appropriate surface properties, hollow tube-shaped structures, 
good tensile strength, low weight, thermal and chemical stability, and good pore-
size distribution [79]. They also possess easily modifiable surfaces for enhanced 
CO2 uptake. CNTs can be very long and have cross sectional diameters up to tens of 
nanometers. Their internal structure consists of several graphene layers rolled up in 
form of a hollow tube. This geometry allows the distribution of the adsorbate and 
residence time to be easily controlled. CO2 adsorption rate in carbon nanotubes is 
determined by gas pressure, temperature, their diameter in the total material volume, 
and the distance between adjacent graphene layers [80]. They are classified based on 
the number of graphene layers that make up their wall, a feature which determines 
their mechanical and thermal potentials. These include single-walled carbon nano-
tubes (SWCNTs), double-walled carbon nanotubes (DWCNTs), and multi-walled 
carbon nanotubes (MWCNTs), each of which have proven effectiveness for specific 
gas applications (Figure 6) [20].

Several studies have shown amine-functionalized CNTs to be very viable, non-
toxic, and energy-efficient options for CO2 capture from flue gas streams. Keller et al. 
[81] activated MWCNTs with polyethyleneimine solvent (PEI). Lower proportions of 
the solvent enhanced the surface area and porosity, while CO2 adsorption increased 
with increase in the amount of the solvent, reaching a peak value of 2.11 mmol/g (at 
20% by weight of solvent). It, however, decreased with proportions of the solvent 
above 20%. Lee et al. [82], in a similar study, attributed the enhanced sorption 
efficiency to the attachment of amino groups, which creates oxygen affinity sites on 
the free carbon surface. Alternatively, Rahimi et al. [83] modified MWCNTs using 
1,3-diaminopropane, which improved CO2 adsorption from 1.10 to 2.11 mmol/g.

4.4  Silica nanoparticles

Silica is a hard crystalline solid material basically consisting of silicon and oxygen, 
which are the most abundant elements on earth. Its potential for CO2 capture is based 
on its well-defined structure. However, its amorphous form does not effectively sup-
port CO2 adsorption. It lacks definite and favorable structure for pore control, surface 
enhancement, and effective binding of the gas molecules [20]. The unique attributes 
of porous silica materials have expanded their applications as solid adsorbents for CO2 

Figure 6. 
(A) SWCNTs, (B) DWCNTs, and (C) MWCNTs. (Source: [20]).
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capture in various applications. Their advantages include high adsorption capacity 
under high pressure (about 45 bar), ease of surface enhancement or modification, 
expanded surface area and pore volumes, adjustable pore size, low manufacturing 
cost, superb regeneration stability with low energy requirements, good gas selectiv-
ity, and good thermal and mechanical stability [84]. Their textural properties, such 
as surface area, pore volume, pore size, and distribution, can be easily modified for 
enhanced CO2 uptake. However, a major drawback with their application, which is 
a subject of research, is their limited hydrothermal stability, which deals with the 
hydrolysis of their bonds. Silica-based materials possess the ability to accommodate 
nanoparticles of different metals within their pore structure, an attribute that favors 
the development of composites. They can also combine with other solid adsorbents, 
such as CNTs and metal-organic frameworks (MOFs) (Figure 7) [20].

Due to its viable potential as support material for synthesis and development of 
new adsorbents for post-combustion CO2 capture, significant research is progressing 
in the direction. A comparative study by Kumar et al. [86] showed the performance 
of different amine-impregnated mesoporous silica adsorbents. The samples were pre-
pared using three classes of nanoparticles having different pore configurations and 
doped with five different amine solvents, including ethylene diamine (EDA), diethyl-
enetriamine (DETA), triethylenetetramine (TETA), tertaethylenepentamine (TEPA), 
and polyethylenimine (PEI). Tests were conducted under wet and dry conditions, 
and CO2 adsorption capacities were recorded. An optimal amine loading of 50–60% 
by weight was documented for all the samples. Maximum adsorption capacities of 
2.17 mmol/g and 2.10 mmol/g were recorded for sample SBA-15 containing 50–60% 
by weight of TETA and TEPA, respectively, under dry condition. Similarly, the lowest 
CO2 adsorption capacities, 0.12 mmol/g and 0.50 mmol/g, were recorded for mesopo-
rous silica doped with EDA and DETA, respectively. At wet conditions, peak value of 
2.16 mmol/g was recorded for SBA-15 containing 50% by weight of polyethylenimine, 
while the least values were recorded for samples MCM-41 and MCM-48 due to poorly 
distributed amines within their pores. In a related study, Zhang et al. [87] investigated 
the capture performance of amine-functionalized mesoporous silica. CO2 uptake 
recorded at different temperatures exhibited an increasing trend within the first 
30 min of adsorption. A maximum CO2 uptake of 2.3 mmol/g was obtained at 30°C. 
However, the value decreased significantly by 80% as the temperature rose from 
30–90°C, indicating the effect of temperature on CO2 adsorption on the sorbent.

4.5  Alumina nanoparticles

Alumina, also referred to as aluminum oxide (Al2O3), is another widely available 
and low-cost option that can be developed for CO2 capture. It is presently a popular 
support material in a number of CO2 capture applications and is available in several 
crystallographic forms. As a solid adsorbent, alumina offers the benefits of cost-effec-
tiveness, large reactive surface area, and excellent porosity with large pore volumes, 

Figure 7. 
Powdered silica (source: [85]).
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sound chemical, mechanical, and thermal stability [88]. It is a viable candidate for 
post-combustion capture devices; hence, several research works focus on improving 
its properties in order to enhance its CO2 uptake, lower residence time and quicker 
adsorption-desorption cycle, and give high CO2 selectivity over other gases contained 
in the flue gas (Figure 8).

Several research works on the synthesis alumina as base material for post-
combustion CO2 capture are reported in literature. Bararpour et al. [91] synthesized 
alumina-aerogel with potassium carbonate (K2CO3), which yielded a high stability 
and capacity material. The synthesis provided an improvement on other alumina-
based materials with a significantly higher reactive surface area of 2019 m2/g. Also, 
a significant CO2 uptake of 7.2 mmol/g was recorded at 56.1°C. In another study 
[92], the researchers examined the effect of textural properties on CO2 adsorption 
on mesoporous alumina synthesized with K2CO3, using a surfactant-functionalized 
technique. The material developed with surfactant to alumina ratio of 0.5, exhibited 
the maximum CO2 uptake of 5.7 mmol/g. It maintained thermal stability during 15 
adsorption/desorption cycles under test. The enhanced CO2 adsorption capacity was 
linked to the presence of multiple active sites for chemical reaction.

4.6  Activated carbons (ACs)

Activated carbons are very effective solid adsorbents and among the cheapest and 
most widely available materials for post-combustion CO2 capture from exhaust gas 
streams. This is because they are developed from huge amounts of waste biomass and 
industrial wastes, which possess low inorganic content, but high carbon composi-
tion. Aside being cost-effective, they offer functional benefits such as low desorption 
temperature requirement, good textural qualities for enhanced CO2 uptake, fast 
regeneration, minimal energy consumption, quick adsorption-desorption cycle, high 
thermal and chemical stability, good tensile strength, and good thermal conductivity 
[93]. Activated carbons can also be synthesized from natural sources, such as coal and 
lignite [94]. Different raw material compositions create structural differences in the 
structure of activated carbons, such as porosity and surface area. This indicates that 
CO2 capture on ACs can easily be modified. They mainly possess microporous and 
mesoporous structures with different pore shapes [95], although nanoporous ACs are 
being developed for enhanced CO2 adsorption. An interesting feature is the dual sur-
face polarity of activated carbons. The outer surfaces are hydrophilic (polar), while 
the internal structures are hydrophobic (non-polar). This characteristic provides 

Figure 8. 
Alumina granules and nano-powder (sources: [89, 90]).
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versatility in the sequestration of various greenhouse gas emissions. During their 
production, the waste raw materials (feedstock) first undergo either thermal decom-
position to produce biochar or hydrothermal conversion to produce hydrochar [20]. 
The solid products achieved typically exhibit poor porosity and a low specific surface 
area, which poses constraints for CO2 capture [96]. Thus, to improve these proper-
ties, activation is performed. There are basically two activation methods involved 
in their synthesis: physical and chemical activation. Physical activation involves 
thermochemical conversion processes, such as pyrolysis, where the char products are 
partially gasified in the presence of oxidizing agents at an elevated temperature range 
(800–1000°C). Chemical activation, however, involves the reaction with chemical 
reagents and then carrying out heat treatment under neutral conditions. The process 
is achieved at a less temperature range (450–900°C) (Figure 9) [98].

A number of studies have been conducted on AC adsorbents from biomass for 
post-combustion CO2 capture application. Parshetti et al. [99] developed micropo-
rous AC adsorbents from lignocellulose material obtained from empty palm nut. 
The preparation process involved pulverization and hydrothermal carbonization of 
the raw material in a reactor for 20 minutes at different temperatures (150, 250, and 
350°C). The hydrochar materials produced were chemically activated with potassium 
hydroxide (KOH). The products were sampled for testing according to their carbon-
ization and activation temperatures. The test results showed that adsorbent carbon-
ized at 250°C and activated at 800°C (designated H250–800) possessed the highest 
specific surface area of 2511 m2/g and total pore volume of 1.06 cm3/g. It also exhib-
ited the highest CO2 adsorption capacities: 5.18, 3.71, and 2.34 mmol/g at 0, 25, and 
50°C, respectively. Also, selectivity for CO2 over N2 was 11.2 at 25°C. The CO2 uptake 
efficiency was maintained over 10 adsorption/desorption cycles. Some researchers 
have also investigated commercial-grade ACs as adsorbents for CO2 capture. Sahoo 
et al. [100] compared seven commercially developed Acs, including Norit RB 4, Norit 
RB 4C, AC CARB 6 × 12 55, AC CARB 6 × 16 55, AC CARB 8 × 16 60, AC CARB 6 × 12 
60, and Modisorb PL4 for post-combustion CO2 capture. The test samples were highly 
microporous with specific surface areas ranging from 923 m2/g to 1254 m2/g, while 
total pore volume varied from 0.38 m3/g to 0.58 m3/g. The CO2 adsorption capacities 
of the samples recorded at 1 bar and 0°C varied from 3.02 mmol/g to 4.53 mmol/g. 
The maximum value was recorded for AC CARB 6 × 12 55, while the least value was 
recorded for Norit RB 4. Also, the adsorption capacities of the samples varied from 
2.15 mmol/g to 3.15 mmol/g at ambient conditions (25°C, 1 bar).

4.7  Nanoporous metal-organic frameworks (MOFs)

Metal-organic frameworks (MOFs) are a growing class of porous materials that 
have received interest in recent times. Their structures are highly modifiable, and 
this allows for the construction of functional derivatives with unique and desired 

Figure 9. 
Activated carbon particles (source: [97]).
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properties suitable for applications in various areas such as energy, carbon sensing 
and capture, biotechnology, and catalysis. They are developed by self-assembly of 
metal ions and organic linkers and possess unique and favorable characteristics for 
CO2 capture. These include a large surface area for adsorption, tuneable pore sizes, 
ease of surface enhancement, and a high selectivity for CO2 [101]. Other advantages 
include low-pressure drop, rapid mass transfer kinetics, and very high storage capac-
ity [49]. Despite these merits, MOFs have some shortfalls, which limit their adoption 
in certain applications. They are not very stable and can exhibit low uptake efficiency 
under low-pressure conditions, (ideal pressure range for CO2 capture from flue gas), 
as well as when exposed to a mixture of gases under dynamic conditions [51]. Current 
research efforts are, therefore, focused on improving the adsorption capacity, selec-
tivity toward CO2, and stability of MOFs. There is a need for further understanding 
of their self-assembly and transformation mechanisms. Figure 10 illustrates several 
nanoporous structures of MOFs as developed by various researchers.

Figure 10. 
A. Nanoporous MOF structures (source: [102]). B: Adsorption of CO2 within nanoporous MOF structures 
(source: [20]).
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Figure 11. 
Various samples of metal oxide nanoparticles (source: [106]).

Most of the research works detail on the influence of operational conditions and 
flue gas composition on CO2 adsorption. This research mainly concentrates on the 
influence of moisture, as well as pollutants. Some other works focus on tuning pore 
shape and size, modifying metal sites, developing new structures, optimizing regen-
eration and recycling processes, pore surface functionalization, and synthesis of MOF 
composites. Wen et al. [103] developed a MOF-based solid adsorbent with suitable 
pore size. The material exhibited superior CO2 adsorption capacity; 3.56 mmol/g at 
0.15 bar and 23°C. It also exhibited high selectivity CO2 over N2 from flue gas stream. 
The values recorded were significant improvements on those recorded for other MOF 
structures reported. Qian et al. [104] improved the pore structure of carbon monolith 
(HCM) by combining the functional merits of MOF-based material (Cu3(BTC)2) in 
a bid to maximize high-volume CO2 adsorption. The composite produced exhibited 
superior CO2 adsorption capacity, high selectivity for CO2 over N2, and excellent 
regenerative ability.

4.8  Metal oxide nanoparticles

Metal oxides are potential chemical solid adsorbents for post-combustion CO2 
capture. The popular kinds include calcium oxide (CaO), magnesium oxide (MgO), 
titanium dioxide (TiO2), and iron oxides (FxOx). They ideally react with the captured 
CO2 to form metal carbonates. Adopting a particular kind of metal oxide for flue gas 
application will depend on its ability to form solid carbonates that possess thermody-
namic stability during the process [105]. The initial capture phase occurs rapidly and 
involves the carbonation (CO2 adsorption) of the adsorbent, which is an exothermic 
reaction. The later phase is slower and involves a decarbonation (desorption) process, 
which removes the trapped CO2 and regenerates the adsorbent for subsequent adsorp-
tion. The process is largely endothermic (Figure 11).

Generally, metal oxides are considered as suitable options due to their favorable 
properties. Titanium dioxide is widely adopted for flue gas applications due to its 
strong affinity for CO2, high adsorption capacity, and high gas selectivity [107]. Also, 
its large surface area and minimal pore sizes result in faster uptake kinetics, hence 
a shorter residence time for the adsorption process [108]. This feature is due to its 
highly regular pore channels, which significantly improve the diffusion rate, ensur-
ing the rapid uptake of gas molecules during the adsorption process [109]. Calcium 
and iron oxides are recognized and widely used for their adsorption capacities (high 
CO2 affinity), low cost, wide availability, excellent thermodynamic properties, 
durability, and ease of synthesis. In addition, calcium oxides are easily recyclable 
and less toxic, hence environmentally friendly and can be easily regenerated [110]. 
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Magnesium oxide has the advantage of consuming very low energy. However, it has 
inherent drawbacks, which may limit its applicability. It has a constrained surface 
area, which restricts CO2 adsorption capacity, particularly at very elevated tempera-
tures [111]. This also affects its recyclability and hence, makes it cost-ineffective for 
several applications. However, as CO2 capture technologies evolve, there are renewed 
interests on the suitability of magnesium oxide for CO2 adsorption, particularly at 
nanoscale, giving its relatively lower operational power requirement. Ruhaimi et al. 
[112] recently presented a comprehensive analysis on the deployment of MgO-based 
adsorbents developed with different methods of modification and synthesis.

Several other researchers have reported on the synthesis of metal oxides for CO2 
capture. Mendoza et al. [113] developed a novel technology for capturing CO2 using 
different iron oxides (Fe3O4-Fe and Fe2O3-Fe) from steel processing. The work was 
based on CO2 pressure and milling process parameters and involved examination of 
the kinetics of mechanically activated chemical reactions between the iron oxides 
and CO2. They reported that carbonation of the oxides is achievable by applying the 
gas pressure (10–30 bar) at ambient temperature. At similar conditions of operation, 
the Fe2O3-Fe setup exhibited higher CO2 adsorption than that of Fe3O4-Fe. Nawar 
et al. [114] explored the use of eggshells in modifying the structure CaO with the use 
of organic acids. The study introduced eggshell as a cost-effective material for CO2 
capture.

4.9  Porous organic polymer (POP) nanoparticles

Porous organic polymers (POPs) are novel classes of porous materials, composed 
of low-mass elements interconnected by covalent bonds. They have proven efficacy 
across diverse applications, including gas storage and separation [115]. Although 
several classes of POPs have been derived through research, the common classes 
associated with CO2 capture include conjugated microporous polymers (CMPs), 
covalent organic frameworks (COFs), and hyper-crosslinked polymers (HCPs) [20]. 
They possess positive attributes, including low density, expanded surface areas, tune-
able pore sizes with multiple channels, and abundant active sites available for chemi-
cal reactions. In addition, their surfaces can be easily functionalized with suitable 
organic groups. They also possess exceptional physicochemical stability, a wide array 
of design options, and synthetic approaches [116]. These factors make POPs strong 
candidates for point-source CO2 capture (Figure 12).

In the case of post-combustion flue gas separation, advancements on POPs focus 
on enhancing their adsorption capacity at high temperatures and low pressures 
(increased number of active adsorption points for CO2 binding), material stability in 
the presence of moisture and at high temperatures, cost-effectiveness, and economic 
scalability. Recently, Wang et al. [117] adopted thiophene as a base material for the 
development of new CMPs. The produced adsorbent exhibited excellent physico-
chemical stability and superior CO2 adsorption capacity14.73 mmol/g at 50 bar and 
44.85°C. Similarly, Dong et al. [118] employed ionic liquid for post-synthetic modi-
fication of a COF-based adsorbent. The improved material demonstrated superior 
CO2 adsorption capacity of 3.74 mmol/g (1 bar, 0°C) and high physiochemical and 
thermal stability. Penchah et al. [119] studied the effects of process parameters 
(cross-linker ratio, synthesis time, and catalyst type) on CO2 uptake of carbazole-
based HCP, synthesized through a Friedel-crafts reaction. At a temperature of 25°C 
and a pressure of 5 bar, CO2 adsorption reached a peak value of 4.35 mmol/g. In 
other studies, Fayemiwo et al. [120] deployed the bulk copolymerization technique 
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in the development of nitrogen-rich, hyper-crosslinked polymers (HCP-MAAMs). 
The amine-functionalized products exhibited high selectivity for CO2 over N2 at 
very low gas partial pressure. The peak CO2 adsorption capacity recorded at 0°C was 
1.56 mmol/g.

5.  Advances in IC engine CO2 capture

Post-combustion CO2 capture technology is yet to attain commercial viability; 
however, various researchers have developed patents and performed studies to evalu-
ate their performances. Researchers at Stanford University [121] developed a post-
combustion CO2 capture device using a menaline-based porous network adsorbent. 
Their choice of menaline (a component of Formica) as base material was based on its 
low cost, easy accessibility, ease of manufacture, and energy efficiency with desirable 
CO2 capture properties. It was modified with diethylenetriamine (DETA) to enhance 
CO2 adsorption and desorption. DETA is a colorless, hygroscopic byproduct derived 
from the production of ethylene diamine from ethylene dichloride [122]. The material 
was further functionalized with cyanuric acid for enhanced porosity and regenerative 
capacity. The device captures CO2 at about 40°C and releases it at about 80°C, offering 
significant energy savings. The capture efficiency of the device was compared to that 
of similar device developed with a novel metal-organic framework (MOF) adsorbent 
material, and it proved to be more efficient in trapping CO2 from flue gas.

The studies [123–131] evaluated various solid adsorbent materials, mounted on 
exhaust tailpipes of spark ignition (SI) and compression ignition (CI) engines. The SI 
engines were fueled with gasoline, while the CI engines ran on conventional diesel and 
biodiesel, respectively. The solid adsorbents evaluated include zeolite, activated carbon, 
activated alumina, calcite, and monoethanolamine (MEA)-doped zeolite. Experimental 
results compared show that the devices with zeolite and MEA-doped zeolite as adsorbent 
materials yielded better performance by achieving up to 60% CO2 capture rate. The 
results achieved were attributed to the high adsorption capacity of the zeolite sorbent, 

Figure 12. 
Various POPs lattice structures (source: [20]).
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as well as CO2’s high affinity to amine solvents. Similarly, another solid sorbent capture 
device developed by Saudi Aramco [132] for their patented CCS technology achieved a 
10% CO2 capture rate when installed and tested on a Ford F-250 pick-up truck. However, 
physical confinement and mass/volume constraints prompted them to switch to a 
solvent-based system (potassium carbonate solution) for the subsequent phase of the 
project. This enabled them to shrink the entire system to about one-eighth of its previous 
size and confine the system under the chassis of a passenger vehicle. The later installation 
achieved an improved 30% CO2 uptake efficiency under driving conditions.

Study conducted by Sharma et al. [59] showed the performance of their patented 
temperature swing adsorption-based CO2 capture system for an internal combus-
tion engine. The sorbent examined was a porous polymer network (PPN) material. 
The system was simulated in an organic Rankine cycle and achieved a capture rate 
of 90%. The result indicated that the energy required for CO2 capture can be wholly 
dependent on the recovered waste heat from the exhaust gases. The study however 
did not consider the effect of load and speed variations, which could influence the 
capture efficiency of the system. Ahmed et al. [133] evaluated a newly developed 
system, which combines both absorption and adsorption techniques. Sodium oxide 
(NaO) was deployed as adsorbent, and the test was conducted on synthetic exhaust 
gas. The result showed a 100% CO2 capture rate for duration of 70 minutes of opera-
tion but gradually declined to zero after about 220 minutes. Similar study by Muthiya 
et al. [18] showed the performance of their novel capture device with zeolite-based 
adsorbent, designed for a single-cylinder diesel engine. The test result indicated a 
very significant CO2 adsorption by the device with minimal back pressure.

Giuseppe et al. [60] made significant progress with CO2 capture from heavy-duty 
freight transport. Two novel metal-organic frameworks with high CO2 selectivity 
and high storage capacity were respectively adopted: KAUST-7 and Al-soc-MOF-1. 
The former possesses high stability and selectivity toward CO2, hence was selected 
as the capture medium. The later was selected as the storage medium given its high 
gravimetric and volumetric CO2 uptake between 10 to 50 bar. They aimed at achieving 
CO2 uptake efficiency of about 50%, with up to 95% CO2 purity. The capture mate-
rial’s thermodynamic and kinetic properties were measured and modeled, and process 
parameters were simulated and optimized in response to engine dynamics. Captured 
and stored mass and volume were also minimized, representing a significant method 
of trapping tailpipe CO2 from heavy-duty trucks (Figure 13).

Firm, Remora [134] also developed a tailpipe-mounted CO2 capture device for 
heavy-duty haulage trucks. A zeolite-based adsorbent material was adopted in 
manufacturing the device, which operates on the temperature swing adsorption 
(TSA) principle. The frame-mounted assembly filters and isolates tailpipe CO2 with 

Figure 13. 
Scientists developing a novel CO2 capture device (source: [134]).
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Figure 14. 
Frame-mounted CO2 capture assembly by remora (source: [134]).

an uptake efficiency of about 80%. Another firm, Qaptis [135] embarked on an ambi-
tious drive to develop a very efficient CO2 capture device for heavy-duty transport. 
According to their reports, the developed device captures up to 90% of CO2 emission 
and can be retrofitted directly into the internal combustion engine. It utilizes waste 
heat from the exhaust gas for its operation (Figure 14).

6.  Challenges of present technologies

Although several solid adsorbent materials have been developed and already have 
wide range applicability, further research works are ongoing to address their operational 
limitations. This is aimed at optimizing their CO2 uptake efficiencies for diverse applica-
tions, such as mobile capture. For road vehicles, already developed patents exist but 
are yet to be fully commercialized, mostly due to their functional limitations and cost 
implications. It is noteworthy that the dynamic nature of internal combustion engine 
operation complicates the CO2 capture process. This is due to variations in operating 
conditions, thermodynamic properties of the exhaust gas, mass flow variations, etc. 
Moreso, there are issues with vehicular space limitations. The mass and volume require-
ments for capture and storage materials remain critical challenges for implementing 
the adsorption-based post-combustion capture on road vehicles. These are very crucial 
factors, particularly with the use of carbon-intensive fuels, such as gasoline and diesel, 
which produce exhaust gases containing large volumes of CO2. Also, the added energy 
required for powering the supplementary hardware and possible back pressure effect 
on engine performance arising from the capture installation are potential concerns for 
full-scale implementation. These challenges have established gaps for further research, 
hence the need to develop more technically and commercially viable facilities for internal 
combustion engine post-combustion CO2 capture.

7.  Prospects for future work

Research efforts are currently focused on developing feasible, inexpensive, high-
capacity adsorbent materials for post-combustion CO2 capture devices. The growing 
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field of nanotechnology is the one that provides a promising route. Nanomaterials 
will play crucial roles in the future due to their excellent functional characteristics 
required for effective CO2 capture. As a research direction, the purposeful char-
acterization and synthesis of low cost and widely accessible nanomaterials will be 
instrumental in advancing the present technologies. The evaluation of prospective 
materials typically provides required data on their thermophysical and fluid-dynamic 
properties to ensure they satisfy technical and economic criteria that favor efficient 
CO2 adsorption. It is important to develop novel CO2 capture devices that can operate 
under a variety of process conditions and have high commercial scalability. Further, 
synthesis will be based on information on the practical limitations of existing materi-
als, as presented in literature. It is noteworthy that developing materials that are able 
to satisfy all necessary functional criteria may be quite unusual and challenging; 
hence, it is important to obtain an appropriate balance that yields optimal results. 
During development, it is crucial to study the mechanism of potential adsorbent 
materials, which precisely informs about their interactions with CO2, as well as CO2’s 
storage within the structures of the adsorbent. A method of achieving this is by 
integrating thermodynamic principles with computational simulations, data on their 
structural characteristics, sorption equilibrium, reaction kinetics, mass spectroscopy, 
and modeling the basic adsorption equations. This provides necessary validation, 
eliminates guesswork, and offers valuable information required for their scalability. It 
can also help to limit production time and costs. Developing new synthesis methods 
or approaches could also help in lowering final production costs. It is also necessary 
during analysis to have realistic trials for new products. For instance, it is important 
to conduct CO2 capture tests under real flue gas conditions, such as low pressure, high 
temperature, and variant moisture levels. An important research direction involves 
the development of highly functional composite materials based on a variety of 
adsorbents, which yield unique properties for CO2 adsorption from flue gases.

Furthermore, a techno-economic assessment is required as a crucial step that pro-
vides information on the technical and economic viability of the new products, with 
particular emphasis on their commercial scalability. The techno-economic assess-
ment typically involves comparison of the potentially viable adsorbent materials for 
industrial purposes, outlining relevant specific criteria (benchmarks), technological 
variants, scalability, and stability costs.

8.  Conclusion

As the world gears up for a potential future phase out of fossil-fueled vehicles, it 
is suggested that the transition to electric vehicles and hydrogen technologies should 
progress along with other technological innovations, which could offset emissions. 
The outcome of this review shows that appreciable mileage has been attained in the 
development of novel technologies for transport-associated CO2 capture. It shows 
that there are promising prospects with the implementation of adsorption-based 
capture on road vehicles. However, some of the results have been obtained at either 
computational or laboratory scale and therefore remain subject to practical or real-life 
constraints. Some other systems have not been fully explored to consider the effects 
of operational variations, such as speed and engine load. These, therefore, open up 
avenue for extended research, with a view to optimize CO2 capture rates using novel, 
modified, or improved materials, enhance the speed of the adsorption/desorption 
cycle, and surmount some of the present practical constraints. As new technologies 
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for post-combustion CO2 capture emerge, the kind of adsorbent to be adopted is a 
major factor for consideration. Specifically, the next generation adsorbent materials 
must exhibit a range of desired properties in order to be considered economically 
viable and environmentally sustainable for mobile capture application. This will also 
impact on the operating costs and energy requirement.

In summary, CO2 capture or sequestration is among the technologies expected to 
address global energy challenges. Thus, the full-scale implementation of the mobile 
post-combustion CO2 capture technology is of enormous benefit. It is important to 
note that the captured CO2 can be channeled to industries for production of polymers 
and other chemicals. This will create high-value job opportunities, especially with 
the rapid commercialization of the products. The resultant effect will be a significant 
growth of the economy. More importantly, the technology is hugely significant 
toward scaling down global CO2 emission. The gas is globally attested as the biggest 
climatic change factor. Although huge capital investments are required for advanced 
research and upscaling of the mobile capture technology, the economic gains are 
clearly huge, and it is crucial to the attainment of global climate goals.

© 2024 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 3

Carbon Reduction through Building
Matrix Design for Sustainable
Development
Bin Li, Luca Caneparo, Yuqing Zhang and Weihong Guo

Abstract

Under the influence of planet problems such as global warming and the energy
crisis, carbon reduction has become one of the goals for sustainable development. This
chapter focuses on residential buildings as research objects for achieving carbon
reduction based on architectural design. After analyzing three design principles from
the life cycle of the building, macro, medium and micro design scales, and passive-
active design, the authors initially established an open-source matrix design method.
Then, an architectural competition plan that won only first prize from 92 proposals
was taken to explain further the connotation of carbon reduction to achieve sustain-
able development through the matrix design method. The results show that the
vicious circle exists between global warming and the energy crisis. Residential build-
ings contain more potential than other buildings for solving these problems. The
matrix design method is established based on the three design principles. From a
qualitative perspective, according to the case application, this research helps achieve
carbon reduction for sustainable development.

Keywords: matrix design, carbon reduction, sustainable development,
residential building, architectural design, life cycle, passive design,
renewable energy

1. Introduction

1.1 Background

At least from the nineteenth century, scientists began to recognize the role of
carbon dioxide in global warming [1]. Using the NASA global temperature data from
1880 to 2022 [2], ‘Tableau Public’ (https://www.tableau.com/products/public) soft-
ware was used to analyze and display the data. Figure 1 shows the change in global
surface temperature compared to the long-term average from 1951 to 1980. It can be
clearly seen that the global land-ocean temperature index has been increasing in the
past 150 years. On March 19, 2023, the Intergovernmental Panel on Climate Change
(IPCC), the United Nations body for assessing the science related to climate change,
published the Synthesis Report of the IPCC Sixth Assessment Report (AR6), which
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indicates the global surface temperature reaching 1.1°C above 1850–1900 in 2011–
2020 [3]. Global warming is intensifying and a problem that needs to be solved.

On the other hand, energy crises from fossil energy sources happen now and then.
For non-renewable reasons, the more fossil energy is used, the less is left. Using the
data downloaded from Our World in Data [4], Figure 2 is generated by Tableau
Public software to show global fossil fuel consumption. By 2021, especially since the
Industrial Revolution, the consumption is increasing dramatically daily. Correspond-
ingly, the remaining global fossil energy up to 2021 is shown in Figure 3. Although
these values can change with time based on the discovery of new reserves and changes
in annual production, the remaining years from 2020 of global coal, gas and oil are

Figure 1.
Global land-ocean temperature index (the data come from Ref. [2], and the image was created by the authors).

Figure 2.
Global fossil fuel consumption (the data come from Ref. [4], and the image was created by the authors).
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only 139, 49 and 57, respectively [5]. Fossil energy consumption causes energy crisis
and carbon emissions to exacerbate global warming [6]. A vicious circle is formed
between global warming and the energy crisis. So, carbon reduction is essential to
solving these problems for sustainable development.

1.2 Research objective

The 2022 Global Status Report for Buildings and Construction, published by the
UN Environment Programme (UNEP), indicates that the buildings and construction
sector accounted for around 37% of energy-and process-related CO2 emissions and
over 34% of energy demand globally in 2021. The building sector’s operational energy-
related CO2 emissions reached an all-time high of around 10 GtCO2, and operational
energy demand in buildings reached an all-time high of 135EJ [7]. Moreover, residen-
tial buildings accounted for 17% of operational and process CO2 emissions globally
compared with 11% of non-residential buildings. The final energy demand for resi-
dential buildings is 21%, more than twice the proportion used in non-residential
buildings (9%) [8]. So, energy saving, even producing renewable energy on residen-
tial buildings, is necessary and more effective for solving the energy crisis and global
warming problems to some extent [9].

In this research, residential buildings are focused as research objects, especially
from the building design aspects for achieving sustainable development by carbon
reduction.

2. Design principles

The typical building design principles include the life cycle of the building in the
time dimension, the macro, medium and micro design scales in the space dimension,
and passive-active design in the technology dimension. These three design principles
support each other to form the final buildings. The relationship between them is
shown in Figure 4.

Figure 3.
Years of fossil fuel reserves left (the data come from Ref. [5], and the image was created by the authors).
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2.1 Life cycle of the building

The life cycle of the building can be defined as five stages: design, construction,
operation, renewal, and demolition [10]. The design and renewal, the construction
and demolition, can be seen as similar and reversible stages, respectively, but they
face different conditions (Figure 5).

The design stage is the point at which the most basic decisions regarding sustain-
able development, including carbon reduction, are taken [11]. It plays a critical role in
determining the sustainability, the life cycle environmental impact and the efficiency
of the buildings [12]. The construction stage can also take the role of carbon reduction
but more from the construction practices, craft techniques and building materials
which play a major role in the building’s carbon footprint. The operation stage
accounts for the most significant proportion of energy consumption in the building
life cycle [13]. However, the user behavior and the energy efficiency of devices have a
huge impact on that. The renewal stage can be regarded as redesign. Although it is not
a design from scratch, optimizing the existing conditions with a better design is
generally more sustainable [14]. The demolition stage can be seen as the inverse of the
construction stage, especially if all the components can be reused.

All the stages can contribute to sustainable development with carbon reduction.
However, the design and renewal stages play the leading role.

Figure 4.
The relationship of the three design principles.

Figure 5.
The analysis of the life cycle of the building.
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2.2 Macro, medium and micro design scales

In addition to the diachronic life cycle of the building, the different levels of
synchronicity in the residential building are also essential design principles that should
be paid attention to. The different levels of residential design can be divided into
macro, medium and micro, matching community planning, building design and detail
design [15], which makes up the second design principle.

Different levels of residential design focus on different scales. For example,
the community planning of different residential buildings in Lingnan focuses
mainly on site selection, layout models and related aspects for sustainable
development (Figure 6).

1.Typical layout in Guangfu residential community.

2.Typical layout in Chaoshan residential community.

3.Typical layout in Hakka residential community.

As for the building design, it focuses more on space design. Figure 7 shows an
example of a typical residential building design in Lingnan, highlighting the natural
ventilation, to achieve carbon reduction. The design contents are different from the
community planning.

Figure 6.
Different community planning in Lingnan residential buildings.
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At micro scale, detail design focuses more on the technologies that help to achieve
community planning and building design. For example, the building technologies of
the Oyster wall [16], different wall masonry methods and so on all support the
implementation of residential buildings in Lingnan with different roles (Figure 8).
These also contribute to achieving sustainable development.

2.3 Passive-active design

Generally, passive design in building is the leading way to reduce energy demand
based on high performance. Active design can achieve carbon reduction by improving
energy efficiency, such as using high-efficiency equipment. Even though some
research indicates that active strategies include generating renewable energy, such as
using solar panels [17], other scholars classified passive, active and renewable strate-
gies as three factors for carbon reduction in buildings [18]. This research acknowl-
edges active and passive classification methods. However, reducing energy demand,
improving energy efficiency and generating renewable energy are different ways to
reduce carbon.

Based on a 3rd Solar Decathlon China case study, 35 types of technologies are
sorted out from the 15 competition residential buildings (Figure 9). It is clear that
passive and active technologies, including reducing energy demand, improving
energy efficiency, and generating renewable energy, are three aspects. These technol-
ogies are helpful for carbon reduction to achieve sustainable development.

Figure 7.
Space design in Lingnan for natural ventilation.

Figure 8.
Windows, doors and construction implementations in Lingnan.
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3. Matrix design method

3.1 Matrix design establishment

The matrix design method is grounded in three design principles. Although some
methods exist to guide further design, these methods usually only follow some of
these three design principles.

For example, the Life Cycle Assessment (LCA) method analyzes and quantifies the
environmental consequences of buildings during their whole life cycle, from the
extraction of raw materials, through production, use phase and end-of-life. This
method is used to quantitatively assess the material used, energy flows and environ-
mental impacts of products [20]. However, this method is more from the product
point of view rather than architectural design. Moreover, a systematic literature
review demonstrated that LCA continues to face barriers in both methods and prac-
tice, preventing its ability to guide early-stage design decisions and greatly impacting
the environmental performance of buildings [21].

As for the design scales, these have split into different disciplines, such as
urban design, architectural design, building construction and so forth. However,
carbon reduction for sustainable development also needs knowledge of building
technology, building services engineering (BSE) and further ones. This knowledge
should be comprehensively applied to specific situations to achieve sustainable
development [22].

Moreover, some research focus on the passive-active design. Aparicio-Ruiz et al.
[23] did the research in Spain and tried to get the integrated optimization result for
residential building design. The passive optimization design mainly considered the

Figure 9.
Technologies used in the 3rd solar decathlon China (the data come from Ref. [19], and the image was created by
the authors).
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materials based on the best Energy Efficiency Index (EEI) and the lowest Life Cycle
Cost (LCC). The annual energy demand for cooling and heating was calculated to
define the energy rating. Generating renewable energy by solar panels was calculated
to cover the energy consumption. Moreover, the active systems HVAC (heating,
ventilation, and air conditioning) were also considered to maintain comfortable envi-
ronments. However, these methods are complex and only consider carbon reduction
from the passive-active design principle for sustainable development.

The matrix design method tries to find the key points for sustainable design based
on the three design principles. A matrix diagram has supported the analysis. The
matrix diagram is a project management and planning tool for displaying and analyz-
ing the relationships between two or more data sets, also known as matrix charts.
Matrix diagrams provide a valuable visual aid to intuitively understanding complex
information that might otherwise be difficult to understand. Different types of matrix
diagrams have been explored, such as L-shaped matrix diagram, Y-shaped, C-shaped,
T-shaped and X-shaped.

3.2 Background on matrix design

Matrix design methods are rooted in “architecture, the age-old question of the
quantification of quality, that is, of the measurability of the levels of satisfaction of the
needs of living, answered by the performance approach. The demand-performance
approach expresses the exceeding of the practice of associating specific ‘objects’ with
specific ‘needs’ and shifts theoretical reflection and the possibilities of improving
living conditions to the satisfaction of the latter. As a result, unlike traditional
experiential approaches based on the rule of art, it is committed in ‘what to get,’ not
‘how to get it’” [24].

Rational design theories started to be widely deployed in the mid-sixties as para-
digms to ground design practices on “scientific methods” [25]. Christopher Alexander
advanced demand-performance scientific methodologies, for instance, outlining
design issues by means of detailed requirements and misfit variables [26]. Alexander
is committed to bridging the gap between design practices and scientific methods:
“This conflict, which has not yet been mended, has been repeatedly resumed, such as
in the debate on the contrast between the two cultures, the humanistic and the
scientific one, highlighted by Charles Snow, or in symmetric oppositions between
world of ideas and world of practice. In architecture, in the wake of these dichotomies,
there is still a contrast between a ‘world of forms’ and a ‘world of techniques’” [27].

On the use of methodologies and techniques in design, Alexander [26] states “A
design problem is not an optimization problem. In other words, it is not a problem of
meeting any one requirement or any function of a number of requirements in the best
possible way (though we may sometimes speak loosely as though it were, and may
actually try to optimize one or two things like cost or construction time). For most
requirements, it is important only to satisfy them at a level which suffices to prevent
misfit between the form and the context, and to do this in the least arbitrary manner
possible.”

Giuseppe Ciribini outlines the methodology to represent the requirements in
matrix form: the “Performance requirements (occurrences to be met through the
production of a good) are translated into requirements:

• Environmental, issues or requests to the environment to fulfill suitable conditions
for well-being, safety, etc.;
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• Technological, or quality levels are required to technological objects or bodies to
achieve the desired environmental quality.

A requirement (and the associated performance) can be expressed by one or more
functions such as:

f (a, b, c, … ),
where a, b, c, … are the characterizing variables. [… ]

Their correlation in the system starts with filling a matrix with the correspon-
dences between requirements, paired two by two” [28].

The Performance Based Building (PeBBu) Thematic Network has addressed a
systematic approach for applying building industry and user requirements to the
building process. Among the support toolkits, Design Structure Matrix (DSM) has
been selected and trialed. DSM is described as “a compact and clear representation
of complex system and capturing method for the interactions between system
elements. Visual relationship matrix reveals key information flows and sets
simultaneously targets to process analysis and re-engineering. It is used for finding
the optimal order of tasks, defining product architecture (modularity and interfaces)
and forming teams in large organisations. In case the problem exists it helps also
to solve inconsistencies. There are many commercial applications available for
DSM” [29].

3.3 Proposed matrix design methodology

Here, the L-shaped matrix diagram is used for analyzing three data sets. It is the
intersection of the life cycle of the building data set with design scales, and passive-
active design data set, respectively (Table 1).

3.4 Matrix design analysis

The life cycle of the building includes five stages. The interaction relationship
between the life cycle of the building and design scales shows that only four stages

Life cycle of the building

Design
stage

Construction
stage

Operation
stage

Renewal
stage

Demolition
stage

Design
scales

Community planning √ √ � √ √

Building design √ √ � √ √

Detail design √ √ � √ √

Passive-
active
design

Reduce energy demand √ � √ √ �
Improve energy efficiency √ � √ √ �
Generate renewable energy √ � √ √ �

Note: √ stands for relationship; and � stands for no relationship.

Table 1.
Matrix analysis for three design principles.
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have relationships with community planning, building design and detail design. Even
the operation stage can be considered at different scales, macro, intermediate, and
micro (namely, the design scales: community planning, building design and detail
design), the space was constructed before the operation stage. So, the operation stage
depends more on user behavior and device energy efficiency, which are somewhat
outside the building design. As for the construction and demolition stages, even
though they are interactive with design scales, they point more to the construction
modes, craft techniques and building materials on a broad design level.

As for the relationship between the life cycle of the building and passive-active
design, there is no relationship between the construction and demolition stages
because the passive, active and renewable aspects do not apply to the construction
process. However, the passive, active and renewable aspects are important during
the operation stage. As for their relationship in the design and renewal stages, these
three aspects are essential to being involved in carbon reduction for sustainable
development.

It can be found that design scales and passive-active design all take roles in the
design and renewal stages. Referring to the Matrice d’impacts croisés multiplication
appliquée à un classement (MICMAC) method, a cross-impact matrix multiplication
[30], and the transitivity principle [31], the relationship between them can be
established as a matrix method to sort out the key points for sustainable development.

3.5 Matrix design focus

The L-shaped matrix diagram is applied again, as Table 2 shows. The intersecting
sections show different key points for sustainable development in the design and
renewal stages. Even though it is hard to sort out all the key points for matrix design,
especially in the context of the continuous development of the times, new ideas and
technologies will emerge. However, the intersection points of these three design
principles were finally found through matrix analysis. These points are used to guide
carbon reduction for sustainable development.

Community planning interacts with the three aspects of passive-active design,
generating the layout, orientation, terrain, water, plant… , pipe gallery, lighting,
power, gas, water supply and drainage… and energy station, biogas digester… ,
respectively. Building design interacts with the three aspects of passive-active design,

Passive-active design

Reduce energy demand Improve energy efficiency Generate renewable energy

Design
scales

Community
planning

Layout, orientation,
terrain, water, plant…

Pipe gallery, lighting,
power, gas, water supply
and drainage…

Energy station, biogas
digester…

Building
design

Shape, space, color,
window-to-wall ratio…

HVAC, power, lighting,
plumbing, smart control…

PV, wind turbine, heat
pump…

Detail
design

Material, insulation,
window, door,
construction…

Auto shading, sensor,
craft…

System, orientation, angle…

Table 2.
Matrix design method.
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generating the shape, space, color, window-to-wall ratio… , HVAC, power, lighting,
plumbing, smart control… and PV, wind turbine, heat pump… , respectively. Detail
design interacts with the three aspects of passive-active design, generating the mate-
rial, insulation, window, door, construction… , auto shading, sensor, craft… and
system, orientation, angle… , respectively. Some of them, such as improving energy
efficiency in community planning and building design, generated similar results but
different application scales. On the one hand, there may be only so many existing
design points. On the other hand, some points may be repeated in different parts but
face different problems.

Establishing the building matrix design method should be applied according to the
specific conditions and developing with time as an open-source method. This method
considers as many design points as possible from different design principles. Due to
user’s insufficient information, these may not be perfect enough. However, this can be
regarded as a reorganization of the Architectural Practice System Theory for sustain-
able development [32]. Every design principle points to a system; its superposition is
still a system but with different boundaries. Although the outline of the matrix design
appears unsystematic and even fragmented, it can lead to problem-oriented outcomes
and multi-objective solutions.

4. Case application

4.1 Introduction

Based on the background issues, the matrix design method is established after
analyzing three design principles. The oriental courtyard design, designed by Bin Li
et al. and which won first place out of 92 submitted designs [33], is taken as the case
application of the building matrix design method for carbon reduction in residential
buildings.

This competition requires the design of a residential building no more than 25 m in
length and 18 m in width, a construction area of 240 m2 � 15, a building height of less
than 12 m, and not more than 3 floors. The building site should be in the Lingnan area
[34]. The carbon reduction for sustainable development is one of the aims of this
competition. It also encourages participants to learn from oriental architecture
wisdom, traditional Chinese architectural culture, and then innovate to meet contem-
porary needs.

4.2 Design concept

The design site is chosen in Yongqingfang, Guangzhou city, where the density of
bamboo barrel houses is high [35]. However, due to high density and long-term
disrepair, the houses are dilapidated, resulting in huge energy demand that is not
conducive to sustainable development. The residential buildings in Yongqingfang
need to be renovated, even though there has now been a national renovation demon-
stration (Figure 10).

The design concept is based on building matrix design to figure out the renewal
content. This project mainly focused on the building and detail design at the design
scales. The passive-active design was applied together to reduce energy demand,
improve energy efficiency and generate renewable energy. Therefore, the design
points are mainly figured out in Figure 11. Moreover, the traditional Chinese
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Figure 10.
Renovated Yongqingfang.

Figure 11.
The main design points of the renovation case (the figure was created by the authors).

72

Reducing Carbon Footprint in Different Sectors for Sustainability



architectural culture is also considered according to the competition goals based on the
open-source matrix design method. Yuyinshanfang, a traditional Lingnan Garden,
was an attempt to learn for this design. The traditional passive technologies on the
buildings and the greening measures were referenced.

Figure 12.
Floor plan.
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4.3 Design results

The design-based bamboo barrel house is redesigned with three floors, including
an accessible roof (Figure 12). The building function is shown on each floor. The
sections indicate the building functions and the heights (Figure 13).

Figure 13.
Building section.
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Traditional indoor split-level spaces are used for this design, which helps achieve
wind-driven and buoyancy-driven ventilation (Figure 14). Phoenics software simu-
lated the natural ventilation of this design (Figure 15) [36]. When the wind comes
from the building entrance, the ventilation effect improves as floors rise. The wind
flows out mainly from the central atrium and the rear courtyard, which are helpful to
achieve a comfortable indoor environment without fossil energy consumption in the
hot summer and warm winter Lingnan area and conducive to the discharge of the
kitchen and bathroom smell. This helps to achieve carbon reduction by the passive
building design for good indoor ventilation. The lighting environment is simulated by
Ecotect (Figure 16). The results show that the overall indoor lighting is bright under
the effect of atriums. However, in some places on the third floor, the lighting factor
exceeds 7%, which may cause glare problems. Manual openable blinds can solve this
without energy consumption. Passive lighting design helps conserve energy to reduce
carbon emissions. The landscape elements and the plants used in the building for
carbon reduction are shown in Figure 17. The above design points are passive design,

Figure 14.
Indoor ventilation.

Figure 15.
Natural ventilation simulation.
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which avoids using energy through reasonable architectural design and achieves car-
bon reduction from the source. As for the active technologies, except for the smart
control system for improving energy efficiency, the solar panels on the roof generate
renewable energy to cover the building’s energy consumption.

These key technologies include passive and active, as shown in Figure 18. More-
over, some interior renderings are shown in Figure 19. The design methods of matrix
design and traditional Chinese architectural culture were applied to this project. The
oriental courtyard spirit is inherited and innovated to meet the contemporary needs
for carbon reduction to sustainable development.

5. Discussion and conclusions

This research starts from the global warming and energy crisis background prob-
lems to focus on the research object, residential buildings, for carbon reduction to
achieve sustainable development. This problem-oriented research approach supports
previous research results [37]. Based on the three design principles, the life cycle of
the building, the macro, medium and micro design scales, and passive-active design,
the relationship between them is figured out. That is, the integration of time, space

Figure 16.
Lighting environment simulation.

Figure 17.
Landscape in the building.
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and technology. The building matrix design method was originally established based
on the design principles, which is an open-source design method that should be
applied integrally according to the specific situation. Importantly, this method
expands the architectural research ways [38, 39]. Then, the first prize of an architec-
tural competition plan applied the matrix design method to show how to achieve
carbon reduction in residential buildings for sustainable development.

Figure 18.
Key technologies.

Figure 19.
Interior renderings.
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Even though the building matrix design is established and applied in the competi-
tion plan, some limitations still need to be overcome. Due to the matrix design being
an open-source method, it should be improved further. Moreover, the contributions
of carbon reduction to sustainable development are hard to quantify for evaluation in
this research, even though the direction helps achieve sustainable development [40].
This research mainly focuses on the original method established and applied for a case
in a qualitative aspect. Further research from a quantitative aspect will be done in the
future.

In summary, (1) the vicious circle relationship of background problems, global
warming and energy crisis, is figured out. (2) Based on the problem-oriented, the
most carbon reduction potential object for sustainable development in building, resi-
dential building, is identified. (3) The three design principles in architecture are
analyzed, and the relationship is clarified. (4) A building matrix design method is
originally advanced based on the design principles. This is an open-source method
that expands the tools for architectural research. (5) Applying the matrix design
method to a first-prize architectural competition plan illustrates how to reduce carbon
in residential buildings for sustainable development.

Future research will focus on this direction to contribute more to sustainable
development.
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Chapter 4

Impact of Rice Husk Biochar 
on Soil Carbon Sequestration, 
Methane Emission, and Rice Yield 
in Wetland Soil (Ultisol)
Kamala Rajalekshmi, Betty Bastin and Sandeep Sasidharan

Abstract

The integration of physical, chemical, and biological indicators of soil quality 
that have an impact on environmental factors and farmer profitability is the focus 
of soil health. Applying biochar is an effective technique to promote soil carbon 
sequestration, which is a component of soil quality. Rice husk biochar (RHB), 
produced from the pyrolysis of rice husk (RH), has a higher nutritious value than 
biochar made from wood. A field research was conducted to evaluate the short-term 
implications of RHB-derived nutrient translocation and distribution in rice crop, as 
well as their effects on soil nutrients, rice productivity, and methane (CH4) emissions 
in wetland Ultisol. The treatments included applying four organic fertilizers: rice 
husk biochar, daincha (Sesbania aculeata), jack tree (Artocarpus heterophyllus) leaves, 
and farm yard manure (FYM) at rates of 35 (N1), 70 (N2), and 105 (N3) kg N ha−1. 
The results showed that the application of RHB enhanced the uptake of soil organic 
carbon (SOC) as well as the production of rice grains and straw. The yield of brown 
rice increased with higher rates of N treatment. The RHB contributed a significant 
amount of carbon to the refractory paddy soil, which increased its carbon content in 
the crop as well. Consequently, there was a significant 50–60% drop in CH4 emissions 
from soil as compared to FYM.

Keywords: biochar, soil characteristics, organic sources, yield of rice, methane 
emission

1.  Introduction

Wetland paddy fields contribute significantly to greenhouse gas emissions in the 
present climate change scenario, particularly methane (CH4) and carbon dioxide 
(CO2), depending on the availability of water. The wetland rice fields are responsible 
for around 25% of the 500 Tg yr−1 of methane emissions that occur globally each year. 
Sequestration of soil organic carbon (SOC) is one of the most effective methods to 
increase soil organic matter (SOM) reserves and to mitigate the potential greenhouse 
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effect [1]. The process of soil carbon sequestration is impacted by greenhouse gas 
emissions, which lower the amount of carbon stored in the soil. The types of soils, 
temperatures, types of plants, erosion, and land management all have a significant 
impact on the addition and removal of organic carbon from soils. Breakdown of SOC 
in cultivated soils has contributed approximately 50 Pg C to the atmosphere [2]. 
This has promoted a strategy of enhancing soil carbon sequestration in agricultural 
systems to offset CO2 increase. The use of various organic sources, such as manures, 
plant leftovers, and waste materials, in farming might enhance the chemical and 
biological qualities of soils [3]. Several studies have reported that biochar application 
increased crop yield by improving the physicochemical properties [4, 5], whereas 
some studies have observed a reduction in grain yield due to N limitation caused by 
the high C:N ratio of biochar [6].

Biochar is a solid material created through the thermochemical conversion of bio-
mass under oxygen-limiting circumstances. Biochar contains carbon (C) that remains 
in the soil for long periods of time, making it an excellent alternative for increasing 
soil carbon sequestration. However, the moderating effect of biochar application on 
global warming remains debatable since it may alter the production and consumption 
of greenhouse gases (GHGs) other than CO2, such as methane (CH4) and nitrous 
oxide (N2O) in soil. Its effect on GHG emission varies according to circumstances 
such as soil type, fertility, and moisture content, as well as the feedstock and pyrolysis 
temperature utilized to produce the biochar [7]. Soil temperature and soil moisture 
are important factors controlling CO2 fluxes by their influence on organic matter 
decomposition.

Rice husk biochar (RHB) is considered to be one of the most cost-effective bio-
chars used in rice-based farming systems [8]. A by-product of rice production, rice 
husk makes up 22% of the yield of brown rice. When applied to soil, it has the poten-
tial to improve soil fertility, increase the mean residence time of soil organic C (SOC) 
content, and dramatically reduce greenhouse gas emissions [9–11].

Perennial cropping methods have recently acquired popularity because they 
reduce the escape of carbon into the atmosphere, aiding soil carbon storage and 
climate change mitigation efforts. In the tropics, however, short-term interventions 
may produce bigger responses because turnover durations for fast-cycling soil C are 
shorter [12].

Little attention has been made to the short-term impact of various organic sources 
on carbon sequestration and its fractions. In light of this, the current study was con-
ducted in a rice crop under rainfed conditions to assess the effect of four contrasting 
organic sources, giving importance to the rice husk biochar, on carbon sequestration/
emission and their effects on rice productivity in a typical Ultisol.

2.  Materials and methods

2.1  Experimental design

A field experiment was conducted in a farmer’s field near Agricultural University, 
Thrissur, Kerala, India (10°31′49″N and 76°12′53″E, 10 m above sea level) from 
September 2015 to February 2016 (Figure 1). The soil of the experimental site was 
sandy clay loam (Ultisol) with pH (4.66), available N (401.76 kg N ha−1), and organic 
C content (1.05%). The experiment was laid out in a randomized block design with 
5.0 m × 4.0 m plot size with three replications. The treatments included four organic 
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sources [farm yard manure (FYM), Artocarpus (jack tree) leaves (ART), Sesbania 
aculeata (daincha) (DNC), and rice husk biochar (RHB)] in the absence or presence 
of N mineral fertilizer and the details are provided in Table 1. RHB was produced 
by pyrolysis at 350–400°C from the rice husk collected from a farmer’s field near the 
experimental site. The physicochemical characteristics of the organic sources (FYM, 
DNC, ART, and RHB) are presented in Table 2.

Eighteen-day-old rice seedlings of short-duration variety ‘Jyothi’ were trans-
planted manually at a distance of 15 cm from row to row and 10 cm from plant to 
plant (Figures 2 and 3). CH4 fluxes during rice cultivation period and soil chemical 
properties after rice harvest were measured. Yield and yield attributes were recorded, 
and straw, grain, and root samples were analyzed for nutrient content.

2.2  Crop management

Organic sources (FYM, DNC, ART, and RHB) were thoroughly mixed in the 
treatment plots 15 days prior to transplanting. Two rice seedlings (Oryza sativa L.) at 
the 3–4 leaf stage were transplanted as one hill. Urea, superphosphate, and muriate of 
potash were used to apply N, P, and K, respectively. Half of the N and K doses, as well 
as the entire amount of P, were applied as basal, with the remaining N and K adminis-
tered as top dressing 1 week before panicle initiation. The daily mean air temperature 
ranged from 25.0°C to 31.0°C during the experiment period.

2.3  Measurements

The CH4 flux was measured in triplicate following a closed chamber method [13]. A 
translucent acrylic chamber of 1.0 meters in height and 0.30 by 0.45 meters in bottom 

Figure 1. 
Location of field.
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area was placed over six hills, and it was sealed with water surrounding it (Figure 4). 
Gas samples were collected at three stages of the crop, viz., active tillering, panicle 
initiation, and near harvest. The emission of gases from the plots was compared to 
that from the fallow wetlands. At the start of the sampling (time, t = 0), air sample 
from the box was drawn into a 20 ml plastic syringe fitted with a three-way stop-cock 
and closed. A second sample was collected in the same manner after a time interval of 
20 minutes (time, t = 20 min). Sampling was done between 11.00 AM and 01.00 PM. 
The samples were brought to the laboratory and methane concentrations were deter-
mined by gas chromatography on a Flame Ionization Detector (FID). The CH4 flux 
was calculated as a temporal change in the gas concentration at 0 and 20 min. The soil 
redox potential (Eh) at a depth of 5 cm during the experiment was monitored using a 
portable Eh meter. Cumulative CH4 flux and its effect on yield as yield-scaled CH4 flux 
were also calculated.

The soil samples collected after the rice harvest were sieved (<2 mm) and ana-
lyzed. Soil pH and electrical conductivity (soil:H2O @ 1:2.5) were determined using 

Sl. no. Property Rice husk 
biochar

Farmyard 
manure

Artocarpus heterophyllus 
(leaves)

Daincha

1 pH 9.10 7.5 4.85 5.80

2 EC (dS m−1) 0.26 0.31 0.14 0.45

3 OC (%) 43.7 22.32 20.36 9.17

4 C:N 68.28 12.90 27.83 11.70

Table 2. 
Physicochemical properties of organic sources.

Sl. no. Treatments Description

1 T1 No organic manure + 35 kg N ha−1

2 T2 No organic manure + 70 kg N ha−1

3 T3 No organic manure + 105 kg N ha−1

4 T4 Farmyard manure @ 5 t ha−1 + 35 kg N ha−1

5 T5 Farmyard manure @ 5 t ha−1 + 70 kg N ha−1

6 T6 Farmyard manure @ 5 t ha−1 + 105 kg N ha−1

7 T7 Artocarpus sp. @ 5 t ha−1 + 35 kg N ha−1

8 T8 Artocarpus sp. @ 5 t ha−1 + 70 kg N ha−1

9 T9 Artocarpus sp. @ 5 t ha−1 + 105 kg N ha−1

10 T10 Daincha @ 5 t ha−1 + 35 kg N ha−1

11 T11 Daincha @ 5 t ha−1 + 70 kg N ha−1

12 T12 Daincha @ 5 t ha−1 + 105 kg N ha−1

13 T13 Rice husk biochar @ 5 t ha−1 + 35 kg N ha−1

14 T14 Rice husk biochar @ 5 t ha−1 + 70 kg N ha−1

15 T15 Rice husk biochar @ 5 t ha−1 + 105 kg N ha−1

Table 1. 
Treatment details.
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a pH meter and EC meter. The rice grain and straw yield and yield parameters like 
root biomass, LAI, productive tillers per panicle, percentage of ripened grains, and 
1000 grain weight were also recorded. Grain, straw, and root samples were separately 
analyzed for total N content. The N uptakes were calculated by multiplying the nutri-
ent concentrations and the rice grain or straw weight for each plant.

2.4  Statistical analyses

Analysis of variance (ANOVA) was done using OP-STAT and WASP to test the 
level of significant difference between treatment means [14].

Figure 2. 
Field preparation.

Figure 3. 
View of transplanted paddy field.
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2.5  Growth, yield, and yield components of rice crop

Among the yield parameters, root biomass and LAI increased with higher N 
rates (Table 3). The maximum values were obtained in treatments having daincha 
with 70 kg N ha−1 (137.80 g m−2 and 6.77) and FYM with 70 kg N ha−1 (137.01 g m−2 
and 6.61). The number of productive tillers per panicle and percentage of ripened 
grains were also maximum in FYM + 70 kg N ha−1 (6.50 and 82.60) followed by the 
treatment-receiving daincha +70 kg N ha−1 (6.39 and 81.31). The lowest value for the 
yield attributes was measured in treatment with no organic manure. A maximum 
grain yield of 3940.33 kg ha−1 was recorded with the treatment having daincha and 
35 kg N ha−1 while RHB with nitrogen at 105 kg ha−1 produced a comparable grain yield 
of 3732.13 kg ha−1 along with a maximum straw yield of 4879 kg ha−1. Liming effect of 
biochar in acidic soil along with increased nutrient retention may be the most impor-
tant factors for increased crop yields [15]. Further, the ‘fertilizer effect’ of biochar with 
the supply of important plant nutrients such as K, N, Ca, and P in soil could have an 
additional effect on crop yield. With RHB at higher N application rates, the number 
of productive tillers per panicle and the percentage of ripened grains increased which 
had a positive effect on brown rice yield and the straw yield while 1000 grain weight 
showed a reverse trend. The depletion of SOC status and related nutrients may be the 
cause of the low grain yield of rice in the treatment that did not receive any organic 
manure. These outcomes concur with the research reported in Kumari et al. [16].

2.6  N concentrations in rice plants

The maximum grain N (Figure 5) was obtained with FYM + 70 kg N ha−1 (1.29%), 
and daincha at the same dose of N recorded at 1.28%. FYM, with a higher level of N 
retained 1.26%. The maximum straw nitrogen (0.65%) was observed in treatment 

Figure 4. 
Box chamber with hills placed in the field for GHG collection.
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Treatment Yield  
(kg ha−1)

Root 
biomass 
(g m−2)

LAI 
tillers

No. of 
productive 

filled grains

LAI 
tillers

Percentage 
of weight (g)

1000 
grain

Grain Straw

T1 3489.00 4722.33 128.67 6.54 5.16 73.82 23.4

T2 3529.33 4606.00 129.43 6.58 5.69 73.72 23.69

T3 3562.33 4582.00 132.02 6.60 5.29 74.56 24.36

T4 3771.67 4374.67 135.46 6.57 5.57 80.21 25.21

T5 3894.00 4477.33 137.01 6.61 6.50 82.60 28.10

T6 3831.67 4294.33 136.67 6.59 5.94 82.06 27.27

T7 3536.00 4360.00 129.70 6.57 5.18 74.45 24.53

T8 3576.67 4431.67 131.69 6.58 5.50 75.83 25.47

T9 3662.33 4590.00 132.60 6.57 5.63 76.33 25.78

T10 3940.33 4416.67 135.75 6.75 6.37 80.19 26.83

T11 3866.67 4496.00 137.80 6.77 6.39 81.31 27.17

T12 3813.33 4445.67 136.62 6.73 5.66 77.88 26.7

T13 3687.33 4651.67 129.62 6.59 5.33 74.69 25.62

T14 3726.73 4689.33 130.83 6.62 5.67 75.95 25.53

T15 3732.13 4879.00 133.15 6.64 5.68 76.09 25.58

CD (0.05) 28.61 135.14 0.54 0.014 0.39 1.64 0.73

Table 3. 
Growth, yield and yield components of rice crop.

Figure 5. 
N concentrations of rice crop.
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with FYM + 105 kg N ha−1. Treatments, daincha, and FYM with 35 kg N ha−1 recorded 
on par values. Daincha with 35 kg N ha−1 had maximum N content in the root (1.12%) 
while it was 1.09% in treatment-receiving daincha with 105 kg N ha−1.

The N content was found to be higher in plant parts when the organic sources 
like FYM and daincha were amended with a medium dose of nitrogen (70 kg N ha−1 
as per KAU POP) than higher levels of N. This could be ascribed to the inhibition of 
SOM decomposition by adding urea at higher levels, which necessitates additional 
C requirements for microbes. A higher value of N content in grain, root, and straw 
could also be attributed to the ability of organic manures to supply nutrients continu-
ously during the growth period of crop as a result of mineralization and improvement 
of the physical and chemical properties of the soil. This result is in line with the 
findings of Sharma et al. [17]. Many scientists have also observed negative or non-
significant effects of N on the decomposition of organic matter [18, 19].

2.7  Soil chemical properties and C sequestration

The maximum pH of 5.15 was recorded for the treatment having RHB with a 
lower N level (Table 4) owing to the alkalinity of RHB (pH 9.1) and liming value of 
biochar [20] while the treatment with 105 kg nitrogen without any organic manure 
had a minimum pH of 4.58. According to most reports, the presence of ash residues 
including significant levels of silica, heavy metals, sesquioxides, phosphates, and 
trace quantities of organic and inorganic nitrogen was responsible for the preferred 
pH shift brought about by the application of biochar [21].

Treatment pH EC OC Avail. N

T1 4.60 0.045 0.64 427.85

T2 4.59 0.056 0.94 438.23

T3 4.58 0.058 0.82 451.49

T4 63 0.055 1.16 463.35

T5 4.62 0.055 1.14 474.30

T6 4.62 0.064 1.1 459.40

T7 4.63 0.043 1.20 425.89

T8 4.61 0.046 1.01 431.61

T9 4.61 0.048 1.01 453.98

T10 4.73 0.063 1.06 590.69

T11 4.70 0.117 1.14 595.71

T12 4.70 0.145 1.12 596.38

T13 5.15 0.045 1.94 475.44

T14 5.01 0.086 1.23 477.28

T15 5.00 0.144 1.05 487.51

CD AxB (0.05) 0.012 0.001 0.20 1.637

Table 4. 
Chemical properties of soil.
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When compared to other organic sources, the RHB treatment had a greater 
SOC concentration; this was greatest in the RHB + 35 kg N (1.94%) treatment. This 
50–70% increase above the control [22] might be the result of applying C-rich organic 
material (RHB) to acidic soils, which raised the pH of the soil and its SOC content 
[23]. Further, the low rate of degradation of organic matter in waterlogged conditions 
compared to the upland aerobic situations could have favored SOC addition. Similar 
results were obtained by Rajalekshmi and Bastin [10].

Significant variation in EC of the soil was noticed and it ranged between 0.043 dS 
m−1 and 0.145 dS m−1 in the top 15 cm of the soil. However, the individual effect of 
organic sources or nitrogen levels on EC was non-significant. The highest EC value 
of 0.145 dS m−1 was observed in treatment having daincha and 105 kg N ha−1 while 
minimum EC (0.043 dS m−1) was associated with ART. RHB with a lower dose of N 
recorded a value of EC (0.045 dS m−1) and with increasing doses of N, the EC touched 
0.144 dS m−1 which was on par with the highest value showing the impact of an 
additional dose of inorganic N.

Available N was the highest where the application of daincha (Sesbania aculeata) 
was adopted along with fertilizer application and was maximum in the treatment hav-
ing daincha +105 kg N ha−1 (596.38 kg ha−1). It was also observed that the soil avail-
able nitrogen increased with increasing N levels of nitrogen, but with SOC content, 
the reverse trend was noticed. Ding et al. [15] found that green manuring combined 
with fertilizer application increased the available N content in soil and our result was 
also the same. The extent of availability of nutrients depends not only on the type 
of organic additives added but also on the build-up of microorganisms-enhanced 
mineralization (Figure 6) [24]. The availability of soil N remained higher in the treat-
ments with biochar (475.44–487.51 kg ha−1) despite greater nutrient removal for plant 
growth and higher grain yields.

Figure 6. 
Biochar-treated plot with earthworms.
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2.8  Soil redox potential (Eh) and CH4 emission

During the paddy crop growth period, soil Eh steadily dropped and stayed at 
around −170 mV between 50 DAT. There was no discernible variation in soil Eh 
between the treatments during the trial. CH4 fluxes increased in nearly all treatments 
when the crop reached the heading stage, or around 70 days after planting, and the 
soil Eh fell below −150 mV.

2.9  Methane emission

Methane emission at the active tillering stage (AT) was highest in the treatment 
having FYM with 35 kg N ha−1 (15.30 mg m−2 h−1), and it was lowest (0.86 mg m−2 h−1) 
with the same organic source at 105 kg N ha−1 (Table 5). The emission from the 
fallow plot was 1.36 mg m−2 h−1. The emission rate of methane was in the order of 
FYM > daincha > no organic manure > Artocarpus > RHB.

The treatment, FYM with 35 kg N ha−1 had the highest methane emission 
(19.89 mg m−2 h−1), and it was lowest in daincha +105 kg N ha−1 (0.11 mg m−2 h−1) at 
the panicle initiation stage (PI). The rate of emission decreased when the quantity of 
N fertilizer increased to 105 kg N ha−1 with and without organic sources. Treatments 
with Artocarpus/RHB had emissions ranging from 10 to 15 mg m−2 h−1 while the fallow 
plot had an emission value of 2.97 mg m−2 h−1.

Treatments Methane emission (mg/m2/h) Cumulative 
methane emission 

(mg/m2/h)

Yield scaled 
methane emission 
(×10−3) g CH4/kg 

rice yield

Active 
tillering

Panicle 
initiation

Near 
harvest

T1 7.47 10.40 2.21 20.08 57.55

T2 5.76 13.38 0.14 19.28 54.63

T3 6.46 4.88 0.12 11.46 32.17

T4 15.30 19.89 0.15 35.34 93.70

T5 12.86 17.32 0.94 31.12 79.92

T6 0.86 1.23 0.13 2.22 5.79

T7 6.63 15.19 0.13 21.95 62.10

T8 8.41 13.01 0.87 22.29 62.32

T9 3.95 12.10 0.14 16.19 44.21

T10 9.57 12.03 1.10 22.70 57.61

T11 5.06 18.21 0.16 23.43 60.61

T12 4.43 0.11 0.12 4.66 12.22

T13 3.74 13.77 0.18 17.69 47.82

T14 3.68 12.10 1.15 16.93 44.94

T15 3.63 10.36 0.23 14.22 37.51

CD (AxB) 
(0.05)

0.016 0.017 0.017 0.018 0.013

Table 5. 
Influence of organic sources on CH4 emission.
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At the near harvest stage (NH), maximum emission was noticed in the treatment 
with 35 kg N ha−1 (2.21 mg m−2 h−1), and it was minimum with daincha + 105 kg N ha−1 
(0.12 mg m−2 h−1). RHB with 70 kg N ha−1 had the highest emission to the tune of 
1.15 mg m−2 h−1 followed by daincha with 35 kg N ha−1 (1.1 mg m−2 h−1). When the 
treatments were amended with 70 kg N ha−1, the rate of emission increased except in 
daincha and inorganic N alone treatments. As the quantity of N was further increased, 
the emission value was reduced. The emission from the fallow plot was 0.14 mg m−2 h−1.

Methane production was the highest in FYM-treated plots at active tillering and 
panicle initiation stages compared to near harvest stage. This may be attributed to the 
higher activity of microbial populations, especially methanogens in FYM-supplied 
soil. The addition of inorganic fertilizer might have acted as a source of electron 
donors, thus increasing methanogens in these treatments under a flooded rice soil 
system. Thus, urea could enhance CH4 emissions over the growing seasons which 
might be due to an increase in soil pH following urea hydrolysis and a decrease in 
redox potential. These two processes could have enhanced methanogenic activi-
ties. Dubey [25] pointed out that CH4 emission depends on the nature, quantity, 
and method of fertilizer application. Maximum emission was seen in the study by 
Linquist et al. [26].

2.10  CH4 fluxes

The treatment with FYM had significantly higher CH4 flux than other organic 
sources and was maximum in FYM + 35 kg N ha−1 (35.34 mg m−2 h−1) and minimum 
with 105 kg N ha−1 (2.22 mg m−2 h−1). The increase in different stages was not propor-
tional to the levels of inorganic sources. The cumulative CH4 emission increased in 
FYM-treated plots by 55 to 75% to that of control (Table 5). RHB treatment recorded 
higher CH4 flux from the AT to PI stage but it remained in lower levels at NH stage. 
Similarly, RHB with 105 kg N ha−1 recorded a minimum cumulative emission of 
14.22 mg m−2 h−1 compared to other N levels. Consequently, the cumulative CH4 emis-
sion for RHB was 50–60% lower than that for FYM, although differences between the 
treatments were non-significant.

It is evident that the physicochemical properties of the microbial population and 
the soil environment have an impact on the GHG emissions from organic sources. The 
cumulative methane emission was higher in FYM-treated plots compared to other 
organic sources and with biochar-amended soil, it was less. The use of daincha as an 
organic source significantly reduced both leaching and gaseous loss of fertilizer N in 
soil, and this is in line with the findings of Bhattacharyya and Mandal [27]. Similarly, 
due to the biological stabilization of carbon and nitrogen in soil, RHB reduced CH4 
emissions and, consequently the global warming potential (GWP).

2.11  Yield-scaled CH4 emission and soil C sequestration

The treatment-receiving RHB induced minimum CH4 fluxes compared to 
other organic sources. The yield-scaled CH4 emission increased with FYM by 
30.00–45.00% compared to control T1 (Table 5), and a minimum was also recorded 
in this treatment (5.79 × 10−3 g/kg rice). In the RHB treatment, the CH4 emission was 
reduced to nearly half compared to the FYM (40–48 × 10−3 g/kg rice), and it was less 
than control also. The results under yield and yield attributes of rice clearly showed 
significant variation among the treatments. The data showed that for producing the 
same kg of rice, the CH4 emission was less in the RHB compared to other organic 



Reducing Carbon Footprint in Different Sectors for Sustainability

94

sources, and it followed the order FYM > ART > DNC > RHB. The values for DNC and 
RHB were on par. The growth attributes, leaf area index, and root biomass produc-
tion had significant effect on yield. The organic amendments application resulted in 
increased plant growth and a higher leaf area index. This might be associated with the 
fact that a considerable amount of nutrients, especially nitrogen, could be released 
from organic materials for plant use, essential for chlorophyll and protoplasm forma-
tion. Further, due to the cementing action of polysaccharides and other organic com-
pounds released during the decomposition of organic matter, taller and heavier plants 
were produced. Babu et al. [28] reported that plant height was significantly influ-
enced by the application of organic manure and chemical fertilizers. These observa-
tions are in line with the findings of Mansour [29] and Selvaraj et al. [30]. Agronomic 
practices such as appropriate nutrient supply could increase the total amount of both 
root and shoot biomass [31]. Application of green manure or other organic fertilizers 
improved soil physicochemical and microbiological parameters, and they could have 
contributed to sustainable productivity in flooded rice soil. Further, the enhanced soil 
biological properties provided resiliency and buffering capacity of soil to ameliorate 
the stress [32].

3.  Conclusion

The study showed that applying RHB to paddy soil, Ultisol increased both rice 
output and the short-term soil carbon budget. The paddy soil received notable levels 
of C from RHB. RHB supplied significant amounts of C to the paddy soil with mini-
mal effect on CH4 emission, thereby sequestering more carbon in soil. The cumulative 
methane emission was 50–60% less compared to the FYM in the wetland paddy soil, 
which ultimately reduced the yield-scaled emission. The uptake of N by rice plants 
increased with higher rates of inorganic source application. This led to a notable rise 
in the number of grains and percentage of matured grains in the rice plants, which in 
turn raised the production of rice. Application of RHB as organic source also yielded 
an appreciable rice yield. Since the nutrients in these organic sources are released 
gradually, RHB application in the field (equal to 5 Mg ha−1 of rice husk) could be 
recommended once over a period of 3 or 4 years, or in lesser amounts in ongoing 
applications. Long-term field studies are needed to determine the optimum RHB 
application rates and frequencies for increasing the rice yield under different soil 
types and environmental conditions.
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Abstract

The cement and concrete industries face significant challenges in  decarbonization 
due to escalating demand driven by rapid urbanization, population growth, and 
infrastructure restoration needs. Cement production alone accounts for 8% of global 
anthropogenic CO2 emissions, underscoring the urgency of exploring pathways to 
achieve net-zero emissions in these sectors. With over 120 nations committing to 
net-zero targets by 2050, a comprehensive examination of emerging carbon-saving 
technologies is imperative. While several promising innovations are in nascent stages, 
rigorous life cycle assessments are essential to determine their potential for carbon 
reduction. Practical strategies for achieving net-zero objectives and UN sustainability 
goals involve embracing circular economy principles, harnessing diverse by-product 
sources, fostering stakeholder engagement, and fostering technological innovation. 
An efficiency approach that integrates advancements in materials science, alternative 
fuels, and sector-wide efficiencies is crucial for success. This assessment identifies 
promising technologies, highlights knowledge gaps, underscores the importance of 
further research, and offers recommendations for implementing best practices on the 
path to net zero.

Keywords: cement, concrete, net zero, CO2 emissions, decarbonization, climate 
change, sustainability

1.  Introduction

There is global agreement that the biggest threat to the environment and the econ-
omy in our time is global warming. Research by Mahlia [1] and Zhang et al. [2] indicates 
that greenhouse gas (GHG) emissions associated with human activity cause global 
warming, which can have disastrous consequences if left unchecked. The frequency of 
extreme natural occurrences such as hurricanes, droughts, heavy rains, and wildfires 
has increased globally in recent decades [3]. Climate change continues to worsen these 
natural disasters, making them more frequent and more intense [4]. Numerous studies 
indicate that human-caused carbon dioxide emissions are primarily responsible for 
climate change and global warming [5]. Nevertheless, to mitigate potential but severe 
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environmental, social, and economic losses, climate change scientists have recom-
mended keeping the increase in global temperature to 1.5°C [6]. To achieve this aim, 
carbon emissions in the current century must be strictly reduced through a rapidly 
shrinking “carbon budget” method (i.e., the maximum amount of CO2 that can be 
emitted to the atmosphere while limiting global warming to a given degree) [7].

Population growth, urbanization, and built environment expansion have led to 
global warming. Concrete, the most used artificial material, is needed for infrastructure 
expansion, with 30 billion tons used annually, surpassing per capita steel and wood 
consumption [8]. The main ingredient in concrete, cement, has an annual production of 
over 4 billion tons [9]. Cement manufacturing has raised major environmental concerns 
because it accounts for 5–8% of global anthropogenic CO2 emissions. Global process-
related CO2 emissions from the cement sector were 1.57 Gt in 2019 [10], whereas total 
carbon emissions from cement manufacturing were about 2.9 Gt in 2021 [11].

The cement and concrete industry must decarbonize to meet climate change tar-
gets by 2050. Research papers focus on mitigation measures, providing stakeholders 
with information for net zero roadmaps. This review paper examines the potential of 
emerging technologies to reduce carbon emissions in the cement sector and suggests 
research areas for further reduction.

2.  Decarbonization strategies

This section reviews major solutions for decarbonizing cement manufacturing, 
including alternative clinker formulations, fuels, and replacements for clinker in 
cement production. It also suggests possible research areas to reduce CO2 emissions in 
the cement and concrete industries. Below is a diagram of the strategies the cement 
industry could provide as pathways to net zero by 2050. A top-down strategy was 
used for the collecting and filtering of publication data, and a mixture of broad 
keywords was used to extract the preliminary publications. The search was conducted 
in 2024 and was restricted to English-language peer-reviewed academic papers. 
“Alternative cement,” “alternative clinker,” “alternative fuel,” “alternative concrete,” 
“carbon emission,” “cement carbon sequestration”, and “machine learning and AI in 
cement manufacturing” are some of the broad keywords used in the search process. 
The methodical approach of the sectors thought to be options for lowering CO2 emis-
sions in the cement and concrete industries is depicted in Figure 1.

2.1  Nanoscale calcium carbonate for gigatonne-scale cement industry 
decarbonization

Nanoscale calcium carbonate (NCC) are calcium carbonate particles smaller than 
a micron, ranging from 15–35 to 400 nm [12]. Typically produced as precipitated 
calcium carbonate (PCC), they present diverse applications across various industries 
such as adhesives, sealants, food, pharmaceuticals, paints, coatings, paper, and 
construction materials. Producing higher-value polymorphs of calcium carbonate, 
like calcite, instead of aragonite or vaterite, can help offset the costs associated with 
carbon capture, utilization, and storage (CCUS) [13]. Lastly, PCC can also be gener-
ated from Ca (OH)2 using ultrasound [14]. Boyjoo et al. [15] offer additional synthesis 
approaches for both micro and nano-sized calcium carbonate, organizing these first 
into the CO2 bubbling method, which sees the most industrial use. Calcite is the 
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Figure 1. 
Shows the major areas considered for possible reduction in CO2 emission for the cement manufacturing and 
concrete industry.
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primary synthesized polymorph, with NCC more likely than micro and nano-sized 
particles. Biomimetic approaches involve precipitation and reverse emulsion, sepa-
rated into spontaneous precipitation and slow carbonation reactions.

NCC in the form of PCC can be made with surfactants with concomitant changes in 
size, shape, and other properties [12]. These particles can also be sourced from carbon 
mineralization activities designed to remove CO2 from point sources or the atmosphere. 
PCC can also be made with nano-silica using microbes [16] and by using CaCl2 from 
Solvay process wastewater to remove CO2 [17]. Liu et al. [16] describe the precautions for 
managing adverse health outcomes such as silicosis from breathing in nano-silica [18]. 
The Solvay wastewater carbonation route’s scalability depends on wastewater calcium 
concentration, flow rate, and CO2 concentration, and has been commercially advanced 
for carbonating subsurface mineral brines. Displacing clinker is how NCC offers a signif-
icant decarbonization potential. According to Batuecas et al. [19], 2% of NCC promises 
to displace enough clinker to eliminate 69% of global greenhouse gas emissions from the 
global cement industry. This would be without altering the performance of the resulting 
cement in terms of its compressive strength or other properties. This potential may be 
lowered in the case of NCC made from nano-silica and microbes, as described by Liu 
et al. [16], due to the nutrient input required for microbial growth. Nutrient production 
in microbial NCC requires energy, increasing carbon footprint. Obtaining nutrients from 
food waste reduces LCA impact but introduces contamination concerns. Sterilization 
reduces LCA but requires energy. McDonald et al. [20] describe their carbon-negative 
manufacturing process for their admixture, PCC-A, as sequestering between 100 and 
350 kg CO2 per tonne of their PCC-A produced. Compressive strength peaks at 10 wt% 
PCC-A, but workability declines, requiring more water. Still, a significant emissions 
reduction is the result, which is 27–30%, depending on the alkali used.

Improved performance characteristics suggest value in the use of NCC. These 
include compressive strength and other performance properties of cement containing 
NCC, as well as studies demonstrating the viability of NCC in cement production 
[19]. NCC offers additional routes to decarbonization beyond use in the cement 
industry. One of those is in improving soil nutrient availability, as demonstrated in 
fields that grow winter wheat [21]. Another involves its deposition onto nanocellulose 
to make a flexible material that can make up most paper [22]. NCC is already a bright 
white compound ideal for the color of paper, and its use would reduce the number of 
new trees needed. It may even enable the use of more recycled paper materials that 
could be coated with CC to remove non-uniformities in color, thus providing higher 
value. Market acceptance and regulatory considerations offer significant hurdles to 
more widespread adoption. Changing the cement composition carrier has an even 
higher risk of successful hurdles to adoption. Even with tests showing improvements, 
representation in databases used by structural engineers allowing for selection by 
architects on new construction is needed for structural use. Using any new composi-
tion can carry significant risks if testing is improperly done—structural failures due 
to poor quality cement have happened. It is crucial to identify these as project risks 
that have more to do with the validation and verification of proper manufacture and 
use of the NCC-containing cement rather than arising from the NCC itself.

2.2  Harnessing structural and non-structural infrastructure materials as carbon 
sinks

Another promising avenue for mitigating the impact of climate change is using 
carbon capture strategies, with a particular focus on structural and non-structural 



103

A Review of Strategies to Achieve Net Zero Targets in the Cement and Concrete Sectors
DOI: http://dx.doi.org/10.5772/intechopen.1005051

infrastructure materials as effective carbon sinks. The potential of these materials 
to sequester carbon dioxide offers an additional innovative approach, contributing 
to the reduction of greenhouse gas emissions and the overall fight against climate 
change. In a transformative materials report, Kreigh [23] advocated for the in-depth 
examination of certain construction materials for their high carbon-storing potential. 
These materials include algae-grown bricks, purpose-grown fiber, earthen slabs, non-
Portland cement concrete slabs, mycelium structural tubes, and agricultural waste 
panels. Early-stage lab development of promising materials for building applications, 
evaluated for durability, fire performance, structural capacity, and thermal conduc-
tivity, could be accelerated by policies and legislation.

Structural infrastructure materials can be carbon sinks. Concrete and steel, 
common in construction, can act as long-term carbon sinks through carbonation, 
a mineralization process where CO2 reacts with alkaline components to form stable 
carbonates. Forced carbonation, increasing CO2 during early hydration, improves 
concrete strength, resistance to chloride permeability, freeze-thaw performance, 
and reduces water absorption [24]. Large structures like dams can be used for carbon 
sinking without compromising mechanical properties. Carbonation can continue 
over decades, locking away carbon. Geopolymers offer lower carbon footprints as 
alternative binders. Bio-based panels integrate seamlessly into construction, storing 
carbon, offering non-toxicity, supporting local economies, and simplifying produc-
tion. Clay plaster/panels and algae cement provide fire resistance. Optimizing mate-
rial formulations is crucial to maximize carbon capture potential.

Non-structural infrastructure materials can also be carbon sinks. The carbon 
storage capacity of buildings is primarily determined by the quantity and volume of 
wooden elements incorporated into the structural and non-structural components 
rather than being significantly impacted by factors such as the building type, wood 
type, or building size [25]. Beyond traditional construction materials, non-structural 
infrastructure elements present unique opportunities for carbon capture. Pavements, 
for instance, can sequester carbon through the absorption of CO2 during curing. 
Incorporating recycled materials and exploring alternative pavement designs can 
enhance the carbon capture potential of roadways. Concrete tetrapods can also be 
mass-produced for the control of beach erosion, serving as an extensive carbon sink.

Bio-based materials offer versatile solutions for constructing prefabricated 
panels used in wall and roof enclosure systems, as well as in framing, insulation, and 
sheathing. These panels seamlessly integrate into current construction practices, 
store significant carbon, and are non-toxic. Utilizing locally available fiber residues 
and employing low-tech manufacturing processes enhance their appeal. Specific 
bio-based panels like clay plaster/panels and algae cement offer fire-resistant proper-
ties, enhancing their versatility. Thatch cladding, modernized through mechanized 
processes, provides durable, affordable, and esthetically pleasing roofing solutions. 
Carbon-negative products made from natural materials like jute and sisal offer 
sustainable alternatives for building infrastructures, contributing to environmental 
and economic development. Research indicates that when treated with alkali solu-
tion and compounded with epoxy, these fibers exhibit better mechanical properties 
suitable for load-bearing composites in construction [26]. Incorporating vegetation 
into urban landscapes, such as through green roofs and walls, serves as a means of 
carbon sequestration, offering both environmental and esthetic benefits. Research 
aimed at identifying optimal plant species, soil conditions, and maintenance practices 
can enhance the carbon sequestration potential of these features. Alternative materi-
als face durability, economic feasibility, and energy requirements challenges. Life 
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cycle assessments are needed to minimize environmental impact. Infrastructure as 
carbon sinks may help combat climate change, but ongoing research will be needed to 
maximize carbon capture and storage potential.

2.3  Use of artificial intelligence and analytics for process and formulation 
improvement

The emergence of artificial neural networks and machine learning algorithms has 
enabled developers to incorporate programming that allows decisions on cement for-
mulation alternatives and manufacturing process analysis, similar to how the human 
brain would process the information. One of the primary benefits of an artificial 
neural network (ANN) is that it can be trained based on samples (e.g., formulation 
alternatives, compressive strength evaluations, etc.) and used for classification and 
measuring correlation. Neural networks can classify information using probability 
calculations and regression models, with feedback loops for further processing until 
sufficient certainty is reached. Before performing classification, ANNs require train-
ing to develop machine learning capabilities which involve the mapping of various 
inputs effectively to their respective outputs. The system processes data through the 
input layer. The classification methodology is based on predictions and decisions, 
with the number of hidden layers and neurons used to determine the complexity of 
the task, with careful consideration to avoid over-training and decreasing process-
ing efficiency. Measures of correctness can then be obtained depending on how well 
the classification has occurred. Weights can then be applied to the confidence level 
in a specific feature in correctly classifying the object. With each iteration, the ANN 
learns as weights are modified based on the results of previous classification attempts. 
This methodology can be applied to analyzing the cement manufacturing process at 
specific facilities [27] and the contributions of each stage to overall carbon dioxide 
emissions. As an example, using over 31,000 sensor-based data points and daily CO2 
generation calculations, the cyclone gas outlet temperature and the kiln main drive 
speed control were identified during one study as the two variables with the most 
significant correlation with CO2 generation. Such analytics provide valuable process 
data on correlations that may not be apparent.

Similarly, various artificial intelligence applications have been applied to the 
cement manufacturing process for potential improvements. For example, in calculat-
ing the apparent degree of calcination, Gang and Hui [28] created a model utilizing 
a least squares support vector radial basis function (RBF) kerneled machine called 
the least-squares support-vector machine (LS-SVM). The model’s inputs included 
the furnace’s temperature and pressure, the calciner’s outlet temperature and pres-
sure, the tertiary air’s temperature, and the amount of cement raw that was laid off. 
To obtain the required level of precalcination of the raw feedstock and low level 
of carbon monoxide, while stabilizing the precalcination process considering the 
multi-variable dependencies in the precalciner system, Griparis et al. [29] developed 
an adaptive, resilient, and fuzzy control design approach To estimate the kiln tem-
perature and oxygen content based on five variables, which are the coal flow to the 
kiln, coal flow to the precalciner, raw meal flow, rotary speed of the kiln, and negative 
pressure of the preheater exit, Yang et al. [30] developed a back-propagation neural 
network (BPNN) and radial basis function neural network (RBFNN).

Machine learning and deep learning have also been used for structural engineering, 
assessing characteristics such as compressive strength, tensile strength, seismic perfor-
mance, vibration control, and more. A thorough review of the use of predictive models 
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for concrete properties using machine learning and deep learning was conducted by 
Moein et al. [31] and depicts how learning models that respond in nonlinear space 
can be used for analysis when the relationships are nonlinear. The study consolidated 
test results from various learning methods (deep learning, support vector machine, 
decision trees, ANN) to evaluate performance metrics such as shear strength, flexural 
strength, tensile strength, and compressive strength and shared the pros and cons with 
each methodology used. Artificial intelligence in cement manufacturing is expected 
to enhance performance and promote sustainable production methods, with further 
research and development of new variables expected to drive growth.

2.4  Alternative clinker technology (ACT)

The production of one ton of conventional clinker releases about 0.83 tons of 
carbon [32, 33]. The calcination of limestone and the combustion of fossil fuels are 
the two primary sources of carbon emissions during clinker production. 60–65% of 
the carbon emissions connected to the production of clinker are caused by calcina-
tion, a high temperature chemical process in which calcium carbonate (CaCO3) is 
decomposed into calcium oxide (CaO) and carbon dioxide (CO2). One workable 
method for achieving decarbonization in the cement sector for medium- to long-term 
strategic planning is the implementation of alternative clinker technologies (ACT), 
involving a partial replacement of cement in producing concrete and mortar [34, 35]. 
In a comprehensive study, Alaloul et al. [36] investigated the addition of oil shale 
ash (OSA) to cement and geopolymer concretes. More carbonate minerals are often 
found in oil shale with lower organic content. One oil shale type with major oxide 
ratios resembling those of OPC clinker is calcareous oil shale [37, 38]. Goncharov and 
Zhutovsky [38] have demonstrated that calcareous oil shale can substitute more than 
76% of the raw materials required to manufacture belite cement clinker. Belite (C2S) 
can save carbon emissions by up to 10% since it has a lower CaO content and can be 
produced at lower calcination temperatures than alite (C3S).

Oil shale can replace conventional clinker combustion fuel in a rotary kiln, 
reducing CO2 emissions [38]. However, current research focuses on technical aspects, 
requiring further study on embodied carbon analysis and technical performance for 
accurate scale-up potential. Nehdi et al. [39] offer a thorough review of the literature 
on alternative clinker technology. Cement with lower carbon emissions has been 
developed using clinker methods, including magnesium hydroxy-carbonate cement. 
In 2009, Vlasopoulos and Cheeseman invented this cement, which sequesters CO2 
in hydration products but cannot be low-CO2 due to its magnesium oxide origin 
[40, 41]. Therefore, basic research on the energy-efficient industrial process of 
manufacturing magnesium oxide (MgO) from magnesium silicate rocks is essential 
[42]. Solidia cement is a different non-hydraulic binder granted a patent in 2016 
[43]. A 30% decrease in carbon emissions is possible because of the cement’s clinker, 
which has a composition like OPC clinker but less CaCO3 and a kiln temperature 
of roughly 1200°C [44]. Furthermore, the curing process of Solidia cement has the 
potential to absorb 300 kg of CO2 for every 1000 kg of binder; this process can be 
expedited at higher temperatures [44, 45]. Solidia cement can only be utilized in 
precast concrete plants due to its restricted carbon curing technology requirements. 
Karlsruhe Institute of Technology and SCHWENK Zement KG are the patent holders 
of the hydraulic binder Celitement [46]. This cement is made from stabilized and 
synthesized short-lived precursors of CSH, requiring less energy and releasing less 
carbon dioxide into the atmosphere [45]. Tíecnico-Lisbon and CIMPOR developed 
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and patented X-Clinker, a distinct hydraulic binder [47]. Compared to ordinary OPC, 
this cement’s raw mix has 33% less CaCO3, a lower C/S ratio, and 25% less processing 
carbon emissions. To create this kind of clinker, the raw combination must be melted 
at 1550°C during the pyroprocessing phase. The difference in temperature between 
this and OPC’s processing temperature is about 100°C. Consequently, technical 
modifications to the industrial plants are required to facilitate the development of a 
100% liquid phase in the clinker manufacturing process. Refer to Refs. [44, 48, 49] 
for further technical information on different kinds of clinkers. Literature suggests 
different ACT phase compositions, but further investigation is needed to understand 
cement types’ engineering performance and contribute to decarbonization through 
the life cycle assessment of embodied carbon emissions.

2.5  Alternative fuel technology (AFT)

The mean CO2 emissions from the manufacture of cement range from 563 to 
831 kg CO2/tonne clk worldwide. While energy emissions release 168–476 kg CO2/
tonne clk, calcining limestone releases around 365–560 kg CO2/tonne clk [45, 50]. 
According to Chatterjee and Sui [51], the cement industry’s global energy consump-
tion and CO2 emissions in 2016 were predicted to be roughly 11 EJ and 2.2 Gt, respec-
tively. Studies show that switching to zero-emission fuel sources in cement mills 
might reduce carbon emissions from cement manufacturing by 25–40% [50, 52]. 
Many alternative fuel technologies, or AFTs, have been implemented to lower carbon 
emissions associated with the energy required to produce clinker. Three main catego-
ries can be used to group these alternative technologies.

Alternative fuels derived from biomass residues from biogenic and non-biogenic 
processes have been widely used in the cement industry due to their range of 
resources. Agriculture, manufacturing, packaging, construction and fabrication, 
food processing and animal husbandry, community and home, transportation, and 
automotive resources were the categories Chatterjee and Sui [51] divided waste and 
biomass fuels into. Research studies explore waste and biomass energy composi-
tions, including sewage sludge, which can be combined with Portland cement to 
create cement or co-combust in a kiln. The latter technology (2016) allows for energy 
recovery from sewage sludge. Used tires and waste plastic are thought to be two of the 
readily available energy sources to produce cement; the energy content of plastics is 
28–40 MJ/kg. Numerous tire kinds have a chemical composition like that produced 
in fossil fuel kilns that could be utilized as an alternative fuel for clinker manufacture 
in cement kilns. Industrial oils and solvents are another important energy source for 
cement manufacturing, with LHVs ranging from 29 to 36 MJ/kg. Rahman et al. [53] 
evaluated the heating value and fundamental makeup of waste solvents and heavy 
fuel oil that can be burned in a cement kiln.

Hydrogen is a desirable clean alternative fuel for future energy-intensive materi-
als research and industrial operations due to its unique properties, which include 
its complete storage capacity, renewability, zero emissions, adaptability, and quick 
recovery [54]. The cement and hydrogen fuel industries can collaborate through two 
methods: burning H2 for clinker thermal energy and recovering heat from cement 
manufacturing facilities. Juangsa et al. [55] demonstrated by thermodynamic analysis 
that, compared to a coal-based plant, the carbon emissions from the carbon-free 
combustion of H2 fuel in a cement manufacturing system combined with NH3 
dehydrogenation may be reduced by 44%. El-Emam and Gabriel [56] investigated 
seven alternative energy mix scenarios where hydrogen fuel partially supplied heat 
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in the kiln. When these hydrogen-based scenarios are used instead of coal-based 
cement manufacture, they find that carbon emissions can be reduced by 15.0–19.6%. 
Several notable cement production sites, including Heidelberg Cement in the UK and 
Cemex in Spain, have conducted hydrogen fuel mix trials. The creation of hydrogen in 
cement plants is another decarbonization tactic suggested in several studies [57]. Weil 
et al. [58] proposed a plant design that uses waste gasification to produce hydrogen 
within a cement production facility. They stated several benefits to the proposed 
hybrid system, such as reduced manufacturing costs, gasification products instead of 
primary fuels, and clinker production using fuel ash as a feedstock [58]. Ozturk and 
Dincer [59] developed an integrated system using waste heat from cement slag and 
natural gas to produce hydrogen. The cement plant achieved 55% and 22% energy 
efficiency in its waste heat recovery system, indicating the feasibility of decarboniz-
ing the industry using hydrogen fuel. In their study, Nehdi et al. [39] offer an incred-
ibly comprehensive literature review on this topic.

2.6  Alternative cement technologies (ACMTs)

First developed in the late 1980s, Portland Lime Cement (PLC) technology 
steadily progressed in the 2000s [60]. Clinker, gypsum, and limestone are inter-
ground to create PLC; limestone typically substitutes 10–20% of the OPC clinker [61]. 
As per the European standard EN 197 (EN BSm, 2011), CEM Type II/B-L PLCs are 
allowed to have higher replacement levels of up to 35%. Most early studies on PLCs 
evaluated the material’s mechanical and durability properties; hence, the environ-
mental benefits were largely disregarded [62, 63]. As more people realized that 
blended cement had less influence on the environment, PLCs started to appear in the 
early 2000s [64, 65]. According to reports, PLC emits 10% less carbon dioxide than 
OPC [66]. PLCs’ clinker factor and carbon emissions can be further reduced using 
supplemental cementitious materials (SCMs) [67]. Nevertheless, few publicly avail-
able research studies contrast how different kinds of PLCs contribute to the cement 
industry’s short-term decarbonization strategies. Nevertheless, the environmental 
benefits of PCL might be increased even further by replacing a portion of the clinker 
with calcined clay.

The clinker factor in PLC manufacturing may be further reduced with additional 
SCMs. Limestone calcined clay cement (LC3) is a potential technique for employing 
calcined clays as an effective SCM to partially replace clinker in cement production 
[68]. Consequently, clay is calcined by heating it to 700–850°C. Clays containing 
kaolinite can be calcined in roller hearth kilns, flash calcination units, and conven-
tional rotary kilns due to their lower calcination temperature than OPC clinker [69]. 
A blend of limestone and calcined clay might replace a significant amount of the OPC 
clinker in blended cement. Half of the OPC clinker can usually be replaced with 30% 
calcined clay, 15% limestone, and 5% gypsum to provide an engineering performance 
like that of regular OPC. The mechanical, durability, and hydration dynamics of 
concrete built using LC3 have all been the subject of numerous studies [70]. LC3 has 
been shown to dramatically reduce carbon emissions from the cement industry [71]. 
Thus, by replacing 50% of the clinker with calcined clay and limestone, it is possible 
to reduce carbon emissions by up to 25–40% while maintaining excellent mechani-
cal and durability performances [72, 73]. Clinker-free hydraulic binders are created 
from various waste types, reducing environmental impact and carbon emissions. 
Early research substituted essential elements, but studies show it is possible to create 
hydraulic binders entirely from waste.
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2.7  Carbon capture, utilization, and storage (CCUS)

To decarbonize the cement and concrete sectors by 2050, carbon capture, utiliza-
tion, and storage (CCUS) is an up-and-coming and essential long-term solution. 
Cement plants [74], concrete production during the curing process [75], and the recy-
cling of cement-based composites that have reached the end of their useful life [76] 
are all applications of CCUS technology. This section covers the most recent CCUS 
technologies that apply to cement plants. The IPCC special report on CCUS [77] lists 
industrial separation, post-combustion, pre-combustion, and oxyfuel combustion 
as the four primary categories of CO2 capture methods. The pre-combustion CCUS 
techniques are mostly coupled with gasification technology to produce hydrogen fuel. 
However, as noted by Plaza et al. [74], there is a great deal of opportunity for CCUS 
in the cement industry with direct CO2 capture [78], oxyfuel combustion [79], and 
post-combustion [80]. Consequently, the annual CO2 storage capacity varies from 
25,000 to 2 million tons for different methods. For instance, the Holcim Portland 
Cement Plant in Colorado, USA, intends to operate a trial system capable of captur-
ing two million tons of CO2 yearly [74]. Cement companies can reduce the linked 
impact of climate change by 74–91% by switching to oxyfuel combustion technology, 
claim [81]. It was demonstrated that for each kilogram of clinker generated, using 
oxyfuel in conjunction with biomass fuels can produce harmful CO2 emissions of 24 
to 169 gCO2, or equivalent [81]. Since many different technologies are suitable for 
the cement industry, more research is needed to evaluate the GHG emissions and 
potential carbon savings for different CCUS systems. For example, Izumi et al. [82] 
proposed GHG emission calculations for mineral CCUS technology that may be used 
in LCA inventories. Even though studies have shown that CCUS has a promising 
future for decarbonizing the cement industry, more thorough life cycle assessment 
(LCA) research focusing on different technical systems is needed to forecast reduc-
tions in carbon emissions more precisely. The US CCUS market could reach USD 4.3 
billion–8.5 billion by 2027. However, it is essential to note that this is still an ongoing 
technology being developed and optimized to be applied in cement manufacturing 
and even in electrical power generation plants.

2.8  Supplementary cementitious materials (SCMs)

Innovative low- or zero-carbon concrete technologies are being developed to 
reduce the construction industry’s carbon emissions. These technologies focus on 
enhancing the binder system and waste valorization techniques. SCMs, extracted from 
various materials, are widely used in the concrete industry as a partial replacement or 
cement substitute, resulting in significant carbon emissions reduction. Furthermore, 
using SCMs derived from industrial wastes promotes CE through waste valorization 
[83]. The main barrier to SCM use is the scarcity of classic SCMs, such as FA, GGBFS, 
and SF (silica fume). Therefore, it is critical to pinpoint the expanding sources of new 
SCMs. Juenger et al. [84] assessed the research on innovative SCM resources and their 
long-term effects on the performance and durability of concrete. The technical aspects 
of using SCMs in concrete technology have also been the subject of various studies 
[85]. However, a comprehensive examination of the contributions that various SCM 
types make to carbon reduction strategies has not yet been carried out.

This section discusses the potential carbon reductions of SCMs made from dif-
ferent resources. Industrial waste is the source of the SCMs most frequently used in 
concrete production. SF, GGBFS, and FA are the additives that are most frequently 
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utilized in cement and concrete production worldwide. The effects of using these 
SCMs in cement and concrete production have been the subject of numerous inves-
tigations [85, 86]. SCMs improve the engineering properties of concrete while also 
having a positive impact on the environment [87]. For instance, Tushar et al. [88] 
discovered that substituting 50% of the world’s cement output with FA and GGBFS 
can save 209 billion dollars and reduce 2745 million tons of CO2 emissions. Using vari-
ous traditional SCMs can lower greenhouse gas emissions by 10–28% and the global 
warming potential (GWP) by 20–38%, according to Hossain et al. [89]. Comparable 
results were also found in similar experiments [90]. Conventional supply chain man-
agement (SCM)’s integration into net-zero carbon goals remains a contentious issue 
due to constraints like the absence of popular industrial leftover-derived solutions. 
Miller [9] asserts that the distance and mode of transportation of SCMs may over-
shadow their contribution to greenhouse gas emissions, making the strategic deploy-
ment of SCMs particularly crucial. Arrigoni et al. [91] indicated that SCMs with an 
unfettered market can minimize GHG emissions in most circumstances, highlighting 
the significance of SCMs’ market limits in LCA research. Inefficient use of restricted 
SCM alternatives, particularly when transported over long distances, can potentially 
exceed the GHG emissions of standard OPC concrete. Additionally, they discovered, 
in keeping with Miller’s [9] findings, that lowering SCMs does not always translate 
into a decrease in concrete’s greenhouse gas emissions.

2.9  Alkali-activated materials (AAMs)

Geopolymers and other alkali-activated materials (AAMs) are recognized as 
environmentally friendly building materials that drastically reduce carbon emissions. 
Though they might only partially replace OPC concrete globally, AAMs have a strong 
chance of serving as an alternative concrete technology in regions with locally avail-
able raw materials. An aqueous solution of an alkali hydroxide, silicate, carbonate, or 
sulfate activator is required for AAMs to function. These AAMs are typically divided 
into two categories: one-part (also called “just add water”) and two-part (sometimes 
called “traditional”) AAMs. A dry combination comprising a solid aluminosilicate 
precursor and a solid alkali-activator is added to water to create the binder matrix 
in one-part mixes [92]. A range of aluminosilicate binders, including FA, GGBFS, 
metakaolin, and calcined clay, can be the precursor in AAMs.

Although numerous studies in the literature [93, 94] assessed the technical aspects 
of developing AAMs, this section concentrates on the potential of AAMs in lowering 
carbon emissions. In contrast to the other alternative technologies investigated in this 
study, life cycle assessments (LCAs) in the public domain have been used to investi-
gate the prospect of lowering AAM carbon emissions in detail [95]. AAMs can save 
CO2 emissions by more than 50% compared to OPC concrete, making them a good 
option for short-term decarbonization initiatives. The findings of this study, however, 
emphasize the critical role that activators play in determining the amount of carbon 
that AAMs can preserve. According to Robayo-Salazar et al. [96] and Fernando et al. 
[97], alkali activators such as sodium silicate and sodium hydroxide are responsible 
for most carbon emissions in AAMs.

Therefore, while creating low-carbon AAMs, it is crucial to carefully consider using 
chemical admixtures, especially when the target strength is high. A further important 
factor in producing AAMs with significantly lower carbon footprints is the availability 
of local raw materials for use as precursors. The transportation of raw materials and 
the use of low-reactivity precursors may increase the carbon footprint of AAMs. One 
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potential replacement for carbon-intensive activators in one-part AAMs is using suitable 
industrial wastes. Adesanya et al. [98] used desulfurization dust instead of store-bought 
sodium hydroxide activators. They offered evidence that using these types of industrial 
wastes can create AAMs that are cleaner and have a lower carbon footprint. Similar 
outcomes were also seen when one-part AAMs were activated with RGP, RHA, and lime 
kiln dust [99]. More research is required to determine how newly developed AAMs that 
substitute various types of waste for chemical activators would affect the environment.

2.10  Recycled concrete

Reusing leftover concrete in environmentally friendly buildings is a common prac-
tice. Recent studies explore the use of leftover cement paste to create recycled cement. 
Recycling construction and demolition waste (CDW) is crucial for sustainability. 
Recycled aggregate concrete (RAC) is made by substituting RA for NA, with progress 
in mechanical and durability characteristics reviewed [100, 101]. Furthermore, fun-
damental research has been conducted to assess the extent to which RAC technology 
lessens the environmental impact of the concrete industry [90, 102]. RAC technology 
can decrease concrete production’s carbon footprint, but factors like transportation 
distance to landfills and waste disposal facilities are crucial for determining success 
[103]. RA instead of NA may not significantly reduce carbon emissions but eliminat-
ing long transit of CWD or NA can.

Carbonated RAC technology can reduce emissions and improve RA quality 
through carbon mineralization. According to Tan et al. [104], RA carbon-condition-
ing is a practical method that provides a feasible usage for CRAC. Xiao et al. [105] 
found that concrete made with carbonated RA had 7.1–13.3% lower carbon emissions 
than concrete made with NA or non-carbonated RA, respectively, due to the possibil-
ity of carbon absorption in carbonated RA. An interesting option to increase carbon 
savings is to combine RAC and CRAC with another waste valorization technique, 
such as employing by-products as SCMs or precursors for AAMs [106, 107]. Research 
shows recycled concrete can decarbonize the concrete industry, with innovative appli-
cations like reusing it as filler in tetrapods, promoting sustainable waste utilization.

2.11  Carbon sequestration in concrete

Carbon sequestration in concrete curing can reduce carbon footprint by capturing 
CO2 and forming stable calcium carbonate. Early applications show promising results 
[108]. Several innovative CCUS technologies have been proposed for the concrete 
industry, including carbonation of recycled aggregate concrete (CRAC) and CO2 min-
eralization in synthetic cementitious materials (SCMs) [109]. While contemporary 
CCUS technology holds potential for carbon sequestration, challenges remain regard-
ing the environmental impact and effectiveness of these processes. For example, 
while adding ground granulated blast furnace slag (GGBFS) to cement can result in 
significant carbon absorption without compromising compressive strength, concerns 
exist regarding water usage and achieving full carbonation throughout the concrete’s 
depth [110]. Some studies have even questioned the net CO2 benefit of CCU concrete, 
emphasizing the need for further research to optimize electricity usage and enhance 
compressive strength during carbon curing [75, 111]. Thorough experimental and life 
cycle assessment (LCA) studies are essential to accurately evaluate the carbon-saving 
potential of various CCUS technologies in the concrete sector. Biochar, derived from 
biomass pyrolysis, has the potential to sequester up to 2.6 tons of CO2 per ton [112].
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Studies indicate that adding biochar to cement at low concentrations enhances 
hydration and compressive strength [113]. While its impact on concrete properties 
has been extensively studied, research on its carbon-sequestering potential is limited. 
Nevertheless, biochar incorporation can support circular economy initiatives and 
reduce concrete’s carbon footprint [114]. Factors influencing its carbon capture effec-
tiveness include activation methods and manufacturing characteristics [115]. Recent 
studies suggest that concrete with biochar and supplementary cementitious materi-
als can achieve carbon-negative status [10]. However, further research is needed 
to explore composite properties and optimize formulations [116]. Overall, biochar 
shows promise in reducing concrete’s carbon footprint, but comprehensive life cycle 
assessments are necessary for a thorough understanding of its efficacy.

2.12  Biomineralized cement and living building materials (LBMs)

Microbial biomineralization is the basis for developing bio-cement technology, 
which aims to improve the sustainability of newly produced building materials. 
The utilization of calcium carbonate biomineralization processes in construction 
materials was reviewed by Beatty et al. [117]. Among biomineralization methods, 
engineered living building materials (LBM) provide a novel technology that adds 
various functionalities to building materials using biology [118]. Sand-gelatin 
structural scaffolds are biomineralized by photosynthetic bacteria that can produce 
microbially induced calcium carbonate precipitation (MICP), such as Synechococcus 
sp. [119] and Escherichia coli, to create LBMs [120]. As a result, LBMs can acquire 
strength without the use of cement. This method has garnered attention because CO2 
sequestration during cell growth has such a promising potential. During photosynthe-
sis, sequestered CO2 is liberated and reacts with water to produce biomineral calcium 
carbonate. According to Heveran et al. [119], LBM is a technology that gives building 
materials multifunctionality sensing, responsiveness, and regeneration through biol-
ogy. However, since LBM is still in its infancy, more study is needed to determine its 
scalability and other possible uses, like carbon sequestration [121]. Additional uses for 
biomineralization include better self-healing cement-based composites and bacterial 
treatment of waste-based cementitious materials. According to Sharma et al. [122], 
adding up to 40% sandstone powder to mortars and bacterial treatment can enhance 
mechanical and durability while reducing carbon emissions. The ability of LBMs to 
self-heal was investigated by Delesky et al. [123] using biomineralizing Synechococcus 
sp. PCC 7002. Biomineralization, a new technology, can lower cement consump-
tion in the building sector by promoting calcium biological carbonate precipitation 
for self-healing, repair, and rehabilitation of cement-based composites or creating 
cement-free LBMs.

2.13  Public awareness and incentivization

Equal to the level of effort taken to improve cement manufacturing processes 
and formulations is the need for public awareness to enforce these changes through 
the procurement of more eco-friendly products. Colorado and California have 
recently incorporated legislation for environmental product declarations to include 
the amount of CO2 produced while manufacturing construction materials such as 
cement and asphalt. Incentivization efforts such as product rating systems can help 
consumers share in the efforts for increased sustainable production. The Concrete 
Sustainability Council is one such organization offering a certification system 
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designed to provide concrete, cement, and aggregate companies insight into the 
levels at which source ingredient companies operate in an environmentally, socially, 
and economically responsible way [124]. Rating systems like LEED and Greenroads 
promote environmentally friendly construction materials, while EnergyStar certi-
fications assess cement efficiency. Promoting sustainable manufacturing requires 
differentiators and public awareness.

3.  Discussion

In Section 2, 13 different approaches were described together with ranges of CO2 
emissions reduction percentages; these are listed in Table 1. Table 1 shows the ongo-
ing exploration of CO2 emission reduction solutions in the cement and concrete sector. 
However, most technologies are in the early stages, and it’s unclear how much CO2 will 
be reduced. CCUS technology promises a 91% reduction. None of the CCUS systems 
are currently operational or under study with promising funding, while other solu-
tions aim to reduce CO2 emissions by over 50%, but this does not necessarily mean a 
significant reduction. A 50% reduction for the entire cement sector may be less than 
the 69% estimated for the use of NCC, but 50% of 6 Gt yields a much larger amount 
of carbon emissions saved than 50% of a million tonnes. Reporting values that share a 
common point of reference, such as the annual emissions of a cement kiln per tonne of 

Section Review findings CO2 emissions 
reduction percentage

2.1 Nano CaCO3—Clinker 
displacement

Ref. [15]. The CO2 bubbling method is widely used 
in industry for creating microsizes and nanosizes 
of calcium carbonate.

Up to 69%

2.2 Structural and non-
structural infrastructure 
materials as carbon sinks

Ref. [24]. Forced carbonation, is a process that 
increases CO2 during early hydration, enhances 
concrete strength, resistance to chloride 
permeability, freeze-thaw performance, and 
reduces water absorption.

Not quantified (new 
technology)

2.3 AI and analytics for 
process and formulation 
improvement

Ref. [31]. The study examined the utilization of 
machine learning and deep learning in predicting 
concrete properties.

Not quantified (new 
technology)

2.4 Alternative clinker 
technology (ACT)

Ref. [44]. Solidia cement’s curing process can 
absorb 300 kg of CO2 for 1000 kg of binder and 
can be expedited at higher temperatures.

Up to 30%

2.5 Alternative fuel 
technology (AFT)

Ref. [50]. Studies indicate that transitioning to 
zero-emission fuel sources in cement mills could 
potentially decrease carbon emissions by 25–40%.

Up to 25–40%

2.6 Alternative cement 
technologies (ACMTs)

Ref. [67]. PLCs’ clinker factor and carbon 
emissions can be further reduced using 
supplemental cementitious materials (SCMs)

Up to 25–40%

2.7 Carbon capture, 
utilization, and storage 
(CCUS)

Ref. [81]. Cement companies can reduce the linked 
impact of climate change by 74–91% by switching 
to oxyfuel combustion technology, claim.

The current promise is 
up to 91%

2.8 Supplementary 
cementitious materials 
(SCMs)

Ref. [89]. Using various traditional SCMs can 
lower greenhouse gas emissions by 10–28% and 
the global warming potential (GWP) by 20–38%.

Up to 10–38%
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clinker made, can be very helpful. The second item refers to the values of the emissions 
reduction percentages above. As a very rough approximation, one can add the percent-
ages to determine a range of emissions reductions achievable from 57% to 161%.

In recent times, the cement and concrete industry has heavily focused on 
Alternative Fuel Technology (AFT), Supplementary Cementitious Materials (SCMs), 
and Recycled Concrete as solutions for the reduction of emission of CO2. However 
as clearly shown in Table 1 these options of solution alone will not help deal with 
the CO2 emission problem. To reach the goal of NetZero by 2050 the industry must 
heavily invest in more alternative solutions and look at which ones are viable. CCUS is 
the most promising since it captures most of the CO2 emission at the manufacturing 
stage. The other alternative for concrete can be used as CO2 sequestration to remove 
CO2 from the atmosphere.

4.  Conclusion

This methodical, in-depth, and critical review looks at the emerging alternative 
technologies to decarbonize the cement and concrete sectors. Most of the recom-
mended technologies are still in their early stages of development. Therefore, further 
experimental and LCA research is still needed to expand their applicability. Since 
most research on low- and zero-carbon technologies has focused on technological 
advancements, a concerted effort is still required to ascertain the specific contribu-
tion of each technology to carbon neutrality in the cement and concrete industries. 

Section Review findings CO2 emissions 
reduction percentage

2.9 Alkali-activated 
materials (AAMs)

Refs. [95–97]. AAMs can save CO2 emissions 
by more than 50% compared to OPC concrete, 
making them a good option for short-term 
decarbonization initiatives.

>50%

2.10 Recycled concrete Ref. [105] concrete made with carbonated RA 
had 7.1–13.3% lower carbon emissions than 
concrete made with NA or non-carbonated RA, 
respectively, due to the possibility of carbon 
absorption in carbonated RA

Between 7.1% and 13.3%

2.11 Carbon sequestration 
in concrete

Ref. [112]. Biochar, derived from biomass 
pyrolysis, has the potential to sequester up to 
2.6 tons of CO2 per ton

Up to 2.6 tons of CO2 per 
ton of biochar

2.12 Biomineralized 
cement and living 
building materials 
(LBMs)

Refs. [119, 121]. LBM technology offers 
multifunctional building materials sensing, 
responsiveness, and regeneration through 
biology, but further study is needed to determine 
scalability and potential uses like carbon 
sequestration.

Not quantified (new 
research area)

2.13 Public awareness and 
incentivization

Ref. [124] companies in the concrete, cement, 
and aggregate industries insights into 
their environmental, social, and economic 
responsibility.

N/A

Table 1. 
Shows the summary percentage of CO2 emission reduction in the 13 areas presented.
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Chapter 6

Perspective Chapter: Educational 
Technology under Scrutiny in 
Higher Education – A Framework 
for Balancing Environmental, 
Economic and Social Aspects in a 
Blended Design
Marieke Versteijlen and Marleen Janssen Groesbeek

Abstract

Following COVID-19, higher education (HE) has recognised the importance of 
educational technology (EdTech). With its growing influence on educational design, 
awareness of its role and impact on the sustainability transition in HE from an eco-
nomic, environmental and social perspective is needed. Taking a holistic view, this 
chapter shows the opportunities and drawbacks of using EdTech in HE aiming at 
developing suggestions for responsible application. Economically, there are concerns 
because the earnings models of for-profit EdTech companies are focused on obtaining 
user data and benefit from a lack of transparency in data use, privacy and intellectual 
property. Environmentally, the use of EdTech can reduce the carbon footprint of HE 
institutions by opening a virtual space where students can learn and faculty can attend 
international conferences without commuting or travelling (by plane). However, device 
disposal and the energy consumption of hardware and data storage must be considered. 
Socially, using EdTech can foster the development of sustainability competencies if 
thoughtfully designed by applying pedagogical design principles for sustainability-
oriented blended learning. Higher education can take control of a balanced use of 
EdTech in educational practice by focusing on ethical and human values and adopting a 
whole-institution approach to sustainability as included in the proposed framework.

Keywords: EdTech, sustainability, blended learning, student and staff travel, 
carbon footprint of higher education, EdTech earnings models

1.  Introduction

Climate urgency requires everyone to reduce their emissions of greenhouse gas 
(GHG). Human activities have already evoked global warming with global surface 
temperature reaching 1.1°C above the temperature measured in 1850–1900 compared to 
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2011–2020 due to GHG emissions [1]. To mitigate climate change, the world needs a sus-
tainable development approach aimed “to take the bold and transformative steps which 
are urgently needed to shift the world onto a sustainable and resilient path” ([2], p. 3).

Sustainable Development entails more than taking environmental measures. 
Already in 1987, the World Commission on Environment and Development (WCED) 
stated that “economics and ecology must be completely integrated into decision-
making and lawmaking processes not just to protect the environment, but also to 
protect and promote development” [3] (Chapter II, 42) and also that environmental 
and economic problems are linked to social and political factors. Balancing eco-
nomic, social and environmental factors served as a premise for the subsequent 
United Nations (UN) processes culminating in the Sustainable Development Goals 
(SDGs) [2].

In this chapter, we adopt the same premise for sustainability to study the affor-
dances and drawbacks of educational technology (EdTech) in higher education 
(HE). EdTech companies are defined “as all the privately owned companies currently 
involved in the financing, production and distribution of commercial hardware, 
software, cultural goods, services and platforms for the educational market with the 
goal of turning a profit” ([4], p. 113). An important part of this educational market 
are the HE institutions.

1.1  Higher education

Higher education institutions are embedded in local communities linked with 
industry and business and are globally interconnected with other HE institutions 
so they have a wide stakeholder community. In many countries since the 1980s 
and 1990s, HE has been a major part of national strategies to achieve international 
competitive advantage in ‘knowledge-based economies’ [5]. As such, HE can play 
a major part in the sustainability challenges of this climate-changed world [6]. 
But HE’s role of creating value for the knowledge economy has “gradually shifted 
to an ideal of the ‘data-intensive’ and ‘digital-first university’ of the twenty-first 
century that creates valuable new digital knowledge and develops digital data skills 
to support emerging capitalist data economies” ([5], p. 13). One can imagine this 
development is beneficial to EdTech companies or even encouraged by these (for-
profit) companies. Still, the implications for a sustainable society of an academic 
environment infused with digital technology, data analytics and artificial intel-
ligence are not clear.

Higher education is more than an institution creating and disseminating knowl-
edge. Its purpose is to provide for ‘good education’. In the context of sustainability, 
good education means acquiring the sustainability competencies needed to address 
the complex challenges this world faces creating a sustainable future. Competencies 
are a combination of knowledge, skills and attitudes, needed to accomplish the 
desired educational outcome [7]. HE should “bring students into a transformational 
relationship to professional and/or disciplinary knowledge that changes their sense 
of who they are, how they understand the world, and what they can do to change it” 
([5], p. 72). So, this is more than learning digital competency (i.e. using information 
and communication technology (ICT) and digital devices to accomplish the desired 
outcome) to support the economy. Students should be well equipped to contribute to 
an economy that incorporates financial and non-financial values and strives for broad 
prosperity, i.e. acknowledging the importance of nature, environment, social cohe-
sion, leisure time and happiness [8].



129

Perspective Chapter: Educational Technology under Scrutiny in Higher Education…
DOI: http://dx.doi.org/10.5772/intechopen.1005117

In the coming years, HE must find a balance in how to provide good education 
using digital technology to its own benefit and that of its students. There are promis-
ing opportunities.

1.2  Opportunities of digital technology

Using digital technology, students get a virtual space for their learning next to 
the physical space they already have when learning at their institution. In this virtual 
space, students have an abundance of knowledge at their disposal through the inter-
net and they can interact or collaborate with their fellow students or anyone all over 
the world without the boundaries of time and place. These digital communication 
affordances may widen the horizon for students because perspectives of students 
from different disciplinary, national and cultural backgrounds can be taken into 
account when having group discussions and developing interpersonal or transbound-
ary competencies [9, 10].

Place independence of learning may also provide environmental advantages. 
When organising on-campus education on fewer days per week, it may decrease 
the commute of students and campus facilities use [11, 12]. Considering the carbon 
footprint of a HE institution, the emissions due to student/staff travel and electricity 
purchased for campus facilities are the largest contributors [11, 13, 14]. On the other 
side, electronic equipment and infrastructure needed for educational technology also 
have an impact on the environment through the electricity consumed and the elec-
tronic waste (e-waste) generated [13].

In this chapter, we elaborate further on these issues. We balance the economic 
interests, the environmental dilemmas and the educational quality of EdTech, to end 
with a Framework for Sustainable Application of EdTech in HE and conclusions.

2.  Balancing environmental, economic and educational factors of EdTech

2.1  EdTech and economic interests

The early 1990s are considered to be the beginning of EdTech with the involve-
ment of large tech companies and influential private equity investors. Picciano 
and Spring [15] define it as the start of “The Great American Education-Industrial 
Complex”. It is an ominous characterisation as an industrial complex is a socioeco-
nomic concept wherein businesses become entwined in societal or political systems 
and institutions, creating or bolstering a profit economy from these systems. Such 
a complex is said to pursue its own interests regardless of, and often at the expense 
of, the best interests of society and individuals. This development intensified 
during and after the COVID-19 pandemic in which new networks, coalitions and 
alliances were established and the commercialisation and privatisation of educa-
tion increased [16].

2.1.1  Influence of EdTech companies

The networks, coalitions and alliances of EdTech companies increase their influ-
ence on government and HE. An example of such an alliance is the collaboration in 
several projects between the Norwegian Centre for ICT in Education, an executive 
agency of the Norwegian Ministry of Education and Research, and the New Media 
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Consortium (NMC) [16]. This consortium was founded in 1993 by a group of hard-
ware manufacturers, software developers and publishers. Although NMC has strong 
alliances with digital media and technology partners, such as Adobe, Apple, Intel and 
Pearson, their partnership with a governmental organisation was never under discus-
sion. NMC’s influence extends even further with the publication of the so-called 
Horizon Reports. These yearly reports give NMC’s view on future technology trends 
in educational environments. For many HE institutions, this is a valuable resource 
for their educational technology procurement decisions [16]. In addition, academic 
articles often use publications from the Horizon Reports as background informa-
tion. The 2020 EDUCAUSE Horizon Report mentions four future scenarios looking 
forward to the year 2030. In all four scenarios, digital technology plays a major 
role, transforming higher education into a more flexible, inclusive and personalised 
organisation, focused on teaching the skills the industry needs. In three of the four 
scenarios, this is at the expense of Humanities studies. In the most positive scenario 
Transformation, the student gets an artificial intelligence (AI) companion to “provide 
oversight, nudging, adaptive mentoring, research assistance, feedback on assign-
ments, and friendly encouragement” (p. 36).

The EdTech marketing strategy is based on the certainty that technology will be 
needed in future for environmentally sustainable forms of teaching and learning. To 
make this proposition more attractive, EdTech entrepreneurs promise a ‘technological 
fix’ to societal problems facing higher education, such as the accessibility of education 
or having fewer resources for educational purposes due to budget cuts [4]. Particularly 
during the COVID-19 pandemic, the strategy of making alliances, problem-solving 
promises, predictions of needing educational technology and the ‘emergency remote 
teaching’ experiences [17] have not hurt EdTech companies. Because of the pandemic, 
the investments have grown exponentially. HolonIQ , an education market intelligence 
company, has calculated that the global venture capital investment in EdTech grew 
from US$ 500 million in 2010 to US$ 20 billion in 2021 [18]. Around 2020, research 
identified 20 EdTech unicorns in the world, of which 17 were spread between China 
and the United States (US) [19] and this number grew to 30 companies in 2023 with a 
combined value of over US$ 89 billion [20]. An unicorn is a private startup company 
valued at over US$ 1 billion. It is privately owned and not listed on a share market. 
That means that the transparency of its strategies and activities is limited. Because of 
the startup characteristics, the main goal of the private investors is to create the high-
est return on investment (ROI) in the shortest time possible.

2.1.2  Earnings models of EdTech companies

The platform model seems to have the greatest potential to increase profits for 
EdTech companies [18]. A digital educational platform creates a virtual space for 
teachers and students where information can be shared, resources for teaching and 
learning can be found and assignments can be uploaded. These platforms, also called 
learning management systems (LMSs), need regular upgrading with new features, 
can be integrated with other platform services and continuously extract digital data, 
creating a reliable revenue stream for investors [18]. Digital data gain value through 
processes like extracting meaningful information, enclosing it, storing, aggregating, 
analysing and transforming it into intelligence. This encompasses various sources, 
ranging from scholarly discussions in virtual learning environments to user behaviour 
data, including click-throughs on platforms, as well as metadata detailing users’ 
devices, location and internet protocol addresses [19, 21].
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The earnings model for for-profit companies is increasingly based on assetisation: 
creating assets that can be an endless means for returns. In practice, this results in 
“[charging] subscription fees for access to educational services and resources (mon-
etary rent), integrating together in cross-platform ecosystems, and deriving value 
from user data through the creation of derivative products (data rent)” ([22], p. 6). 
Assetisation is not risk-free as privacy issues are just around the corner. The “use of 
deep neural networks within assetisation can by its very nature be not inspectable and 
thus inherently opaque. It involves complex, multi-stage decisions hard to scrutinise 
with human oversight” ([21], p. 21). There are multiple options for creating a return 
on student platform data. Student platform data might be sold to other companies 
for advertising purposes or, potentially, for enabling employers to identify and target 
students with promising competencies [22]. In Europe, the Digital Services Act is 
meant to protect online users’ rights, filter illegal and harmful content, create new 
transparency for platform practices and ban targeted advertising to children [23]. 
Although the new regulations apply to countries that belong to the European Union 
(EU), it affects EdTech companies globally.

In addition to selling to external partners, data may also be used to improve 
educational services. Student platform data are the building blocks for Artificial 
Intelligence for EDucation (AIED) and learning analytics (LA). LA is “the measure-
ment, collection, analysis and reporting of data about learners and their contexts, for 
purposes of understanding and optimising learning and the environments in which it 
occurs” ([24], p. 34). AI-based methods can turn student data into digital information 
to establish an individual and adaptive learning system based on the teaching and 
learning behaviour of the user [25]. As LA is used to improve the learning process, 
the purpose of AIED is to simulate and predict learning processes, think of mak-
ing admission decisions, assessment and feedback, intelligent tutoring, profile and 
prediction of students dropping out [26].

Despite these promising opportunities, HE seems reluctant to implement LA or 
AIED solutions [25]. A constraining factor for the adoption of LA or AIED seems to be 
the advanced digital competencies a teacher needs to improve their teaching methods 
with AI-based functionalities [21, 25]. AI-based methods analyse the pattern of col-
lected student platform data for developing the algorithms that can support the indi-
vidual learner. These patterns may contain race, gender or other biases. In addition, the 
constant monitoring of students’ digital behaviour on the platform increases surveil-
lance and can amplify feelings of stress and anxiety around their loss of autonomy [5]. 
Williamson and Hogan [5] express their concern about this feeling of autonomy loss: 
“They are building robotised pedagogic environments in which key functions of teach-
ing, such as observing student progress, providing feedback, scaffolding intellectual 
development, and assessment, are increasingly delegated to or augmented by automated 
AI technologies”. These and other ethical concerns are acknowledged by interna-
tional organisations, such as the United Nations Educational, Scientific and Cultural 
Organization (UNESCO). Although on 25 November 2021, 169 countries agreed on 
global standards for AI ethics, these are still in the recommendations stage [27, 28] 
and some EdTech companies complain about the vagueness of the proposed ethical 
principles [29]. Nguyen et al. [27] have gathered the ethical guidelines for AIED from 
the different reports and proposed several key ethical principles. One of these principles 
handles the need for transparency in data usage and accountability in AIED and LA:

“Principle of transparency in data and algorithms: The process of collecting, analys-
ing, and reporting data should be transparent with informed consent and clarity of 



Reducing Carbon Footprint in Different Sectors for Sustainability

132

data ownership, accessibility, and the purposes for how data will be used. The AI 
algorithms should be explainable and justifiable for specific educational purposes.” 
([27], p. 4229).

The development of AI-based solutions becomes even more complex as there is 
not much generalisable, valid and reliable evidence gathered in research [25]. The 
European Union is not awaiting this research. In December 2023, the European 
Parliament reached a political agreement on the Artificial Intelligence Act. With these 
regulations, they aim to ensure that AI systems respect fundamental rights, safety and 
ethical principles [30].

Outsourcing course delivery to an online programme management (OPM) com-
pany is another way of making a financial return with HE EdTech products. These 
EdTech companies, for example, Coursera, share the revenue with university partners 
for massive open online course (MOOC)-related activities, advertising themselves 
“as having social missions to mobilise new technology to transform and improve not 
only the reach and quality of higher education but also the life and career prospects of 
EdTech-facilitated learners” ([31], p. 6). Mirrlees and Alvi [4] refer to MOOC-related 
activities as a way of making course delivery more efficient by “automating instruc-
tion”. The learning content needs updating from time to time but online lectures can 
be watched multiple times. The reason this alliance is of interest to universities is 
that in countries worldwide the public sector, which includes education, is focused 
on efficiency, performance measurement, quality management, marketisation and 
accountability [5, 21].

Another aspect of the EdTech industry and its earnings model is the issue of 
intellectual property rights, particularly those of teachers working in a digital learn-
ing environment. LMS platforms contain the learning content (video lectures and 
teaching materials). It is unclear who has control and ownership over this content. If 
not regulated or contracted properly, what does that mean for academic freedom and 
content ownership, especially in countries with severe forms of internet censorship 
and surveillance? [5].

We have raised serious concerns about the involvement of EdTech companies in 
HE’s online learning ambition. Technological innovations seem to precede the regula-
tions needed to guarantee privacy, autonomy and transparency issues. The European 
Union takes the lead in filling this gap.

Higher Education and governments should adopt a data governance policy and 
“have a far stronger role in setting both the educational and regulatory agenda so that 
education serves the interests of a whole society: children, young people and life-
learners, not just private capital investors” ([32], p. 91).

It is in the interest of society that students can develop digital competency [33]. They 
are the future human capital of a nation. Human capital refers to the economic value 
of an employee’s professional competencies [33]. The use of EdTech is crucial in this 
development process, but HE’s policy should be aimed at a human-centred approach.

2.2  EdTech and environmental dilemmas

Educational technology might play a role in decreasing the environmental impact 
of higher education activities by offering online communication possibilities. It cre-
ates opportunities for place-independent delivery of education or conference presen-
tations. This may decrease commute-related travel and international business travel 
[14], and electricity purchased for campus facilities [11]. In this section, we discuss 
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its impact on HEI’s carbon footprint and the role of EdTech in adding to and reducing 
this carbon footprint.

2.2.1  Carbon emissions due to commute-related travel of students and staff

The environmental impact of a higher education institution (HEI) can be made 
transparent when measuring its carbon footprint. An internationally accepted 
accounting and reporting standard for companies and organisations is the 
Greenhouse Gas Protocol Initiative [34]. The GHG protocol classifies the emission 
sources into three scopes: scope 1: the direct emissions, scope 2: indirect emissions 
due to electricity purchased and scope 3: the indirect emissions as a consequence of 
HEI’s activities. So, the electricity purchased for campus facilities belongs to scope 
2 emissions, whereas the GHG emissions due to student and staff commute, and 
business travel belong to scope 3 emissions. Various studies acknowledge the signifi-
cant proportion of student and staff travel, and the electricity purchased for campus 
facilities on HEI’s carbon footprint [13].

Higher education students worldwide need to commute to their institutions 4 or 
5 days per week. The amount of student travel emissions is dependent on how often 
students commute to attend classes on campus, the campus location and which travel 
mode they choose for travelling. The impact ranges between approximately 20 and 90 
per cent of the overall carbon footprint [14, 35]. This broad range is due to dependen-
cies on the accessibility of the campus, and the reliability and the very existence of the 
commute data [35].

How and which scope 3 emissions are measured is optional in the GHG protocol 
and in some studies, commute emissions are allocated to the individual carbon 
footprint of a student or staff member [36]. The reason why there might be the dif-
ficulty of obtaining reliable commute data. Data on commute behaviour can only be 
obtained by surveying students and staff and especially students are a difficult group 
to survey. Their limited response is often extrapolated to the whole university [37] or 
supplemented with parking data or registered student data where privacy issues come 
into play. Nevertheless, how difficult it may be, the commuting emissions are a direct 
consequence of HEI’s activities, as students and staff often need to attend obligatory 
classes or are required to work from campus. Moreover, HEI can influence their com-
muting emissions by acting appropriately [38].

Most of these measures are directed at trying to change the travel mode of students 
and staff from carbon-intensive (i.e. single-occupancy petrol cars) to low-carbon 
modes (i.e. a bicycles or e-bikes) or promoting carpooling [39] and certainly, in 
car-dependent countries, such as Australia or the United States, this is a well-chosen 
strategy [39–41], but there are other options. The Intergovernmental Panel on Climate 
Change (IPCC) recommends, besides a modal shift, “avoiding journeys where 
possible—by, for example, (…) utilizing advanced information and communication 
technologies (ICT)” ([42], p. 603). In HE, EdTech can offer possibilities to decrease 
student and staff commute [12]. These possibilities relate to the use of digital tech-
nologies to enable location-independent learning.

2.2.2  Carbon emissions due to business travel

Academic staff also need to commute but their main contribution to the carbon 
footprint are their visits to international conferences and seminars, often by plane 
[43]. These business travels can account for about 3–55 per cent of a HEI’s footprint. 
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Digital technologies can play a role in mitigating the large amount of carbon 
emissions due to these meetings [44]. While one can dispute whether the digital 
technology required should be subsumed under the banner of EdTech, it is strongly 
interrelated and contributing to HE’s carbon footprint. It seems crucial for academ-
ics to keep abreast of the latest developments in their field and network in person at 
these events [45]. The impact and quality of research are dependent on international 
collaboration and these collaborations are usually initiated and sustained through 
physical meetings [46].

Although technically possible, as proven during the COVID-19 pandemic, a 
transition to fully online conferences does not seem to be a desirable solution to the 
problem of high-carbon transportation for attending. Nevertheless, organising these 
international meetings should focus on reducing carbon emissions due to travel and 
there are opportunities enhanced by digital technology, such as hybrid conferences 
[43, 47]. A large contribution to the total emissions of an international conference is 
due to a relatively small group of participants [47]. They could present their research 
and take part in discussions using remote conferencing services. Another possibility is 
to organise the hybrid conference at two different venues, although this may have the 
rebound effect that more academics will attend the conference [48]. Both solutions 
roughly halve travel-related emissions [47, 49].

2.2.3  Energy consumption of EdTech use

Although contributing to decreasing education-related travel emissions, EdTech 
services are not carbon-neutral. They generate GHG emissions due to the electricity 
needed to power devices. They provide the necessary video- and audio transfer, and 
storage data. The volume of these emissions is nation-dependent because electricity 
can be generated in various ways. Data from the European Environmental Agency 
(EEA) show that in 2020 producing 1 kWh of electricity in France emitted ca. 60 g 
of carbon dioxide (CO2), whereas producing the same amount in Estonia led to 621 g 
of CO2 emissions [50]. To evaluate the use of EdTech to decrease the HEI’s carbon 
footprint, we should compare the carbon impact of student and staff travel with the 
impact of EdTech use.

Regarding location-independent learning, Caird et al. [11] compared energy 
consumption with associated carbon emissions generated by distance-based HE 
teaching models with HE on-campus models. Their findings indicate that distance-
based models achieve a carbon reduction of 83 per cent in comparison with on-campus 
models, mainly due to commute-related student travel and campus site operations [11]. 
The COVID-19 pandemic forced HE in countries categorised as developed econo-
mies to an immediate transition from on-campus to an online environment from 
home [51]. Some researchers took this opportunity to study the carbon impact of 
this online learning environment. There are two contradictory studies regarding the 
carbon impact of the increased use of energy devices needed to study or work from 
home. Filimonau et al. [52] stated that the carbon impact of devices used for online 
education was almost equal to that of staff and student commute at Bournemouth 
University in the United Kingdom (UK), and in China at Wuhan University, 
Yin et al. [53] concluded that online education can significantly reduce energy 
consumption and lower carbon emissions when considering transportation and 
electricity consumption [52, 53]. It should be noted that Filimonau et al. [52] assumed 
that staff and students used their devices for study or work at home 8 hours a day and 
5 days per week which is, in our opinion, highly unlikely.
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Clearly, more research is needed with reliable data on student travel and the 
additional energy required during home education. Still, the study of Yin et al. 
[53] confirms the results of Caird et al. [11] that online education can significantly 
decrease energy consumption and associated carbon emissions. HE, in their quest 
for carbon neutrality, could take advantage of these findings by organising education 
in a hybrid form (the so-called blended learning), substituting on-campus learning 
with online learning a few days per week. This would reduce the days students have to 
commute to their institution to attend classes.

2.2.4  Energy consumption and disposal issues of EdTech

In Section 2, we saw that in future, HE will probably increase the application 
of AIED and LA. Developing an AI model for AIED involves training deep learning 
models on vast amounts of data. This consumes a significant amount of energy during 
both training and validation and these computations have a large carbon footprint [54]. 
Another issue is that AIED and LA require extensive datasets, usually stored on serv-
ers in data centres. These servers not only consume a vast amount of energy to store 
data but also respond to data requests. Besides energy, water is extensively used for 
liquid cooling in these data centres [55].

The last issue we need to address in relation to EdTech is the disposal of electronic 
devices, adding to the generation of electronic waste (e-waste). In 2019, 53.6 million 
metric tonnes of e-waste was generated and only 17.4 per cent was collected and 
recycled [56]. E-waste is a health and environmental risk and contains toxic addi-
tives or harmful substances such as mercury, which damages the human brain and/or 
coordination system [56].

The environmental gains of using EdTech to decrease education-related travel 
(student and staff commute and business travel) are accompanied by concerns about 
energy consumption and e-waste disposal. Considering HE’s carbon footprint, it seems 
that decreasing education-related travel outweighs the energy consumption of the 
devices [11, 14, 53]. Nevertheless, the environmental costs of the development and use 
of AIED and LA should be part of an environmentally aware approach to EdTech [57].

2.3  EdTech and educational quality

Educational technology will likely play a more significant role in HE shortly, given 
the impact of the COVID-19 pandemic on HE and the increasing influence of EdTech 
on government and educational policy, The question remains how will EdTech fulfil 
this highly influential role? How will they pay attention to all their responsibilities: 
ethically and sustainably?

As we have seen in the former section, EdTech may be used to lower HE’s carbon 
footprint if learning activities are scheduled with a clear division between on-campus 
and online learning days. Thus, organising education can reduce students’ commute 
to attend on-campus classes. This educational model is called blended learning [58]. 
As the mission of HE is to provide ‘good education’, blended learning should not 
compromise or better still, enhance educational quality.

2.3.1  Quality assurance of blended learning

Quality assurance is a complex issue in HE. Good education is difficult to quantify, 
for instance, measuring the quality of a graduate student might be done by looking 
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at their employability. But how does one measure and assess if this is due to the 
education this student has received [59]? Focusing on educational outcomes and 
performance seems hazardous for quality assurance but focusing on the learning and 
teaching process of how these outcomes are obtained seems to be a better approach. 
The E-xcellence framework describes benchmarks for quality assurance of e-learning, 
which are grouped into six key areas: strategic management, curriculum design, 
course design, course delivery, staff and student support [60].

During the COVID-19 pandemic, the rapid transition to online education in HE 
revealed the deficiencies in these key areas. During online course delivery, problems 
arose with infrastructure and availability of devices just as with lecturers’ pedagogic 
knowledge and experience [61]. This resulted in so-called “emergency remote teach-
ing” [62]. Several problems are caused by the sudden transition and can be solved in 
time, but some are more difficult to tackle—for example, accessibility to online learn-
ing services, a quiet study environment or the well-being of students. Accessibility 
and study environment are dependent on students’ social-economic status. Students 
with a low socioeconomic background usually need HEI’s environment for the use of 
computers and free and fast internet to study online, undisturbed by human and pet 
intrusions [63, 64]. Not having access to these facilities and experiencing technologi-
cal problems at home during COVID-19, aroused feelings of anxiety, anger and bore-
dom due to not being able to hear and take the entire online class [65]. These negative 
emotions were also triggered by increased workload [66] and insufficient digital 
competency [65]. To a large extent, the severity of these problems was caused by the 
sudden transition to online learning but also in a carefully planned and designed 
blended learning unit these accessibility issues and failing technological abilities of 
faculty and students should be addressed.

2.3.2  Pedagogical design principles for sustainability-oriented blended learning

Zooming in on the design of blended learning, the pedagogical quality of educa-
tion should not be compromised. As we live in a climate-changed world with complex 
sustainability challenges, students must be “capable of analysing, evaluating, and 
synthesizing complex issues and of applying learning in new contexts. At the same 
time, they appreciate the advantages of cooperating to pursue a common goal” [67]. 
Transformation to a sustainable world needs ‘change agents’, who are aware of what 
they can or want to change and know how to take action for implementation [68]. 
This requires a pedagogical approach that supports students in developing sustain-
ability competencies. These competencies provide the students with the necessary 
knowledge and skills to analyse systems across different domains, anticipate future 
challenges, apply ethical values, design and implement transformative interventions 
and engage stakeholders in the process [68, 69]. The pedagogical design principles 
of Versteijlen and Wals [10] can be used to guide the design and assess the pedagogi-
cal quality of a sustainability-oriented blended learning unit. This is a learning unit 
organised with a clear division between on-campus and online learning days to 
decrease student commute and a sustainability-oriented pedagogical approach to 
learning. This requires a thoughtful design because it is a challenge to combine virtual 
and physical space in such a way that the strengths of both are exploited and comple-
ment each other.

Table 1 shows the usability of EdTech for designing sustainability-oriented 
blended learning by connecting the design principles of Versteijlen and Wals [10] 
with their relevance for learning and how EdTech can be supportive. The first two 
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design principles are more general in nature and supportive of the last four design 
principles, which are about learning activities in which students interact and discuss, 
acquire knowledge, bring theoretical knowledge into practice and collaborate incor-
porating different perspectives [10, 70]. In a blended design, these learning activities 
should be interwoven according to the Conversational Framework of Laurillard [71]. 
This framework specifies the iterative reflective interactions between student-lecturer 
and student-fellow students on two contrasting levels: 1. articulating and discussing 
theory and 2. experimenting and practising on goal-oriented tasks [71].

Design principle Relevance to learning EdTech support

Aiming at self-regulation and 
self-awareness of learning 
and practice in the student’s 
learning process

In blended learning, students have 
more agency over where and when 
they study. Digital tools can stimulate 
the development of the necessary 
self-regulating skills. A reflective 
environment with digital and physical 
communication possibilities promotes 
creating self-awareness of one’s own 
values

24/7 access to the digital 
environment, personalised 
learning plans, learning 
management tools, online 
tests and quizzes, online 
reflective journals, virtual and 
augmented reality

Fostering a safe and social 
learning environment

Pointing to a feeling of freedom to 
express oneself without being afraid 
of failure is a prerequisite of creating 
self-awareness. This is best encouraged 
by the lecturer in the physical space and 
reinforced in the virtual space.

Communication platforms, 
social networking, global 
community tools, video 
feedback and virtual coffee 
shop

Facilitating (a)synchronous 
interaction and discussion 
among fellow students and 
with the lecturer to stimulate 
reflection and critical thinking

Different approaches to learning can 
be taken into account by offering 
synchronous as well as asynchronous 
discussions of topics or feedback.

Online debate platform, 
web annotation tool, video 
discussion platform, online 
tutoring, brainstorming tool

Transforming learning 
through acquisition and 
inquiry into an active process 
based on existing knowledge 
in which new knowledge is 
constructed to contribute to 
sustainability

It motivates students to acquire 
knowledge through their preferred 
(online) content representation. 
Inquiry stimulates system thinking 
competency. Data are easily accessible 
using the internet.

Multimedia content, online 
lectures, digital (formative) 
tests, virtual classroom, data 
collection, search engines, 
interactive tutorials, virtual 
and augmented reality

Working on authentic and 
action-oriented tasks with 
scaffolded and theory-based 
practice meeting the learning 
preferences of students

Transfer of learning from the classroom 
to the professional setting by designing 
online learning tasks and tools that 
align with the workplace setting while 
critically examining sustainability 
opportunities.

Peer feedback tools, interactive 
learning, virtual classroom, 
serious games, lab simulations, 
personalised assignments

Inter/transdisciplinary 
collaboration for constructing 
a shared outcome through 
participation and negotiation 
with fellow students in a 
technologically enhanced 
learning environment

Developing interpersonal competency 
through incorporating different 
perspectives in group discussions for 
addressing complex social, ecological, 
technical and other problems to bring 
about transformative change

Integrated team collaboration, 
project organisation, digital 
boards for organising and 
sharing content, wiki 
platform.

Table 1. 
Usability of EdTech for designing sustainability-oriented blended learning. Based on the pedagogical design 
principles for sustainability-oriented blended learning [10, 70].
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In this section, we discussed whether EdTech in a blended learning design would 
compromise or enhance educational quality in HE. Provided certain conditions are met, 
we can say that EdTech improves educational quality and is indispensable in a design 
for blended learning. These conditions involve the benchmarks for quality assurance of 
e-learning and measures to ensure the accessibility to learning and well-being of students. 
The relationship between HE, EdTech companies and their policies and governance 
should support the development of human capital this climate-changed world needs.

2.4  A sustainability-oriented perspective on EdTech in higher education

With sustainability in mind, we have balanced the drawbacks and affordances of 
EdTech in HE. In Figure 1, the key concepts of EdTech under scrutiny are depicted in 
a Framework for Sustainable EdTech Application in higher education. This framework 
builds upon the framework for a humanist ecosystem of higher education given in 
Sharma [33], but we adopt a sustainability-oriented perspective on the role of EdTech 
in the education system. This system is represented by the relationship between EdTech 
companies, HE and their governance and policies. As stated before, HE plays a crucial 
role in the sustainability challenges facing the world. This responsibility requires higher 
education to embed sustainability in all aspects of its policies, a so-called “whole-
institution approach” [72]. These aspects relate to education, research, own sustain-
ability-related behavioural practices, community engagement, leadership and ethos, 
and professional development of staff [73]. We can add EdTech to these aspects. This 
approach ensures sustainability-oriented (blended) education and research, organised in 
such a way that the deployment of EdTech is human-centred and environmentally aware.

3.  Conclusion

Educational Technology has become an integral part of the (higher) education sys-
tem and improves education by offering students a virtual space next to the physical 

Figure 1. 
Framework for sustainable EdTech application in higher education. Based on the framework for a humanist 
ecosystem of higher education [33].
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one where they can learn and interact with lecturers and fellow students. This transi-
tion has perhaps been accelerated by the COVID-19 pandemic and so many venture 
capital investors see the market potential of HE and its students who have grown used 
to being online continuously.

The promises and predictions of Edtech seem to be attractive, but HE institutions 
have to be vigilant. In this chapter, we have identified being in control and privacy 
issues, educational quality and sustainability focal points to which we have to pay 
attention when applying EdTech in HE. In this chapter, we approached EdTech from 
a sustainable development perspective, balancing economic, environmental and 
educational factors.

There is a tension between the economic interests of the for-profit EdTech 
companies, private owners and educational organisations. We have to be on the 
alert whether the EdTech companies will deliver on the promises they make or even 
whether those promises and predictions will get in the way of good education. The 
EdTech companies promise flexible and personalised education but fail to mention 
that EdTech is not accessible to everyone, can come at the expense of lecturer’s and 
student’s autonomy and raises serious privacy issues. HE’s and EdTech companies’ 
policies should ensure that everyone has access to their facilities and that ethical 
values are upheld. In addition, clarity in data usage and ownership is needed when 
scrutinising their earnings model of assetisation. This could lead to lower ROIs for the 
private investors in the EdTech companies, but it may remove some of the reserva-
tions HE has about introducing LA and AIED in their educational practices.

Considering the carbon footprint of the HEIs, one of the main sources of carbon 
emissions is the education-related travel of students and staff. The additional virtual 
space by using EdTech offers opportunities for organising education in such a way 
that there is a clear division between on-campus and online learning days during 
a week. This may reduce student commute. In addition, virtual space can be used 
during international conferences, decreasing business travel of staff. Still, a thought-
ful mix of virtual and physical space is needed because physical encounters still add 
value to teaching and research. In addition, energy consumption and e-waste issues of 
EdTech should be considered.

A thoughtful mix can be realised in educational practice by applying the pedagogi-
cal design principles for sustainability-oriented blended learning. The experiences of 
online learning during COVID-19 showed that students’ emotional well-being and 
self-regulation were an issue but they welcomed the additional time freed up by not 
having the daily commute [70]. A thoughtful blended design offers ‘the best of both 
worlds’ and probably will improve educational quality.

The developed Framework for Sustainable EdTech Application in HE contains the 
most significant points when applying EdTech in educational practice. Some of the 
ethical issues can be resolved by acknowledging and applying standards for AI ethics 
[27]. However, HEIs and governments must remain vigilant on privacy and other 
ethical issues. EdTech use can be supportive of educational quality and sustainable 
organisation, but HE and Edtech companies must ensure in cooperation that human 
values and well-being are guaranteed.
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Energy and Natural Resources 
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Research Centers
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Abstract

Amid global challenges like climate change and resource depletion, Nigeria’s 
pursuit of low-carbon energy resources teeters on the brink. Nigeria grapples with the 
delicate balance between economic growth, environmental stewardship, and energy 
security. Energy and natural resources are crucial to modern society, playing a pivotal 
role in economic development, environmental sustainability, and overall human 
well-being. In response to these challenges, the national energy research centers have 
emerged as vital institutions that can contribute to the development of sustainable 
innovations that would catalyze the transition to a low-carbon economy. Unlocking 
these potential hinges on cutting-edge research tailored to drive innovation, influence 
policy, and promote responsible resource management. Investing in research holds 
the potential to facilitate Nigeria’s transition to a low-carbon economy. These research 
centers can act as catalysts for unleashing the full potential of Nigeria’s energy and 
natural resources contributing to global efforts to combat climate change while ensur-
ing economic growth and energy security for the populations. Achieving these objec-
tives requires an increased investment in avant-garde research, which would propel 
Nigeria toward a future characterized by sustainability and prosperity and paving the 
way for a resilient and environmentally conscious path to long-term development.

Keywords: energy research centers, natural resources, energy security, climate change, 
renewable energy

1.  Introduction

The exponential growth in the world’s population places strain on natural 
resources demand. Major countries around the world are strengthening their resource 
strategies to guarantee long-term stable supply. With a rise from 30 billion tons in 
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1970 to 70 billion tons in 2010, the world’s yearly material extraction has increased 
dramatically [1]. Global energy markets are experiencing significant transforma-
tions, with growing demand from emerging economies, increasing awareness of 
environmental considerations, and advances in new technologies. Energy and natural 
resources are essential pillars of the global economy, exerting a profound impact on 
the development of the world’s energy landscape. They encompass various materials, 
components, and equipment utilized in the production, conversion, and distribu-
tion of renewable, and conventional energy sources. As key elements of the global 
economy, they play a pivotal role in shaping the trajectory of energy development 
worldwide.

Africa possesses abundant natural resources, including oil, gas, coal, minerals, and 
renewable energy sources like solar, wind, hydroelectric, geothermal, and biomass yet 
faces severe energy deficiencies, with a large portion of its population lacking access 
to modern energy services [2–5]. This paradox emphasizes a critical challenge fac-
ing the continent, where abundant resources coexist with pervasive energy poverty. 
Energy poverty not only impacts the daily lives of millions but also impedes the region’s 
potential for economic growth and social advancement. It stands as a critical indicator 
closely tied to the well-being, health, gender equality, poverty levels, and food security 
of households and nations [2, 6–12].

Africa’s excessive reliance on fossil fuels has perpetuated the cycle of energy 
poverty, characterized by inadequate access to electricity, clean fuel, and modern 
energy infrastructure. Millions of Africans lack access to reliable electricity, relying 
instead on inefficient and environmentally harmful energy sources such as biomass, 
kerosene, and diesel generators [13]. Within the framework of the United Nations’ 
Sustainable Development Goals (SDGs), several goals specifically address energy and 
natural resources, underscoring the importance of promoting sustainable practices 
and ensuring access to clean energy for all. SDG 7 (Affordable and Clean Energy), 
SDG 9 (Industry, Innovation, and Infrastructure), SDG 11 (Sustainable Cities 
and Communities), SDG 12 (Responsible Consumption and Production), SDG 13 
(Climate Action), SDG 14 (Life Below Water), and SDG 15 (Life on Land) collectively 
aim to advance sustainable energy and natural resource management practices. 
Energy poverty (SDG 7) and greenhouse gas emissions (SDG 13) represent signifi-
cant hurdles on the path toward achieving sustainable development goals in Africa. 
The dual challenges of energy poverty and climate change necessitate urgent action to 
transition toward cleaner, more sustainable energy systems. By investing in renewable 
energy infrastructure, improving energy efficiency, and promoting inclusive energy 
access, African nations can unlock opportunities for economic growth, environmen-
tal conservation, and social development.

In the heart of Africa lies Nigeria, a nation richly endowed with a plethora of 
energy resources, ranging from conventional non-renewable sources to vast reserves 
of renewable energy like solar, wind, hydroelectric, geothermal, and biomass [14, 15] 
(Tables 1–3). Despite this wealth of resources, Nigeria continues to grapple with the 
scourge of energy poverty, with a significant portion of its population deprived of 
access to affordable, reliable, and modern energy services. This dissonance between 
resource abundance and energy prosperity accentuates the complexities inherent in 
addressing energy poverty. Nigeria’s energy landscape presents a paradoxical nar-
rative. On the one hand, the country boasts substantial reserves of oil and natural 
gas, making it a prominent player in the global energy market. On the other hand, 
the potential offered by renewable energy sources remains largely untapped, despite 
their abundance and suitability for sustainable development. As a result, millions of 
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S/No Resource type Reserves (natural units) Product level 
(natural units)

Utilization 
(natural units)

1 Light crude oil 37.06 billion bbl (as of 2017) 2.5 million barrels/
day (as of 2014)

316,000 bbl/day 
(as at 2015)

2 Natural gas 5.284 trillion cubic meter 
(CUM) (as of 2017)

45.15 billion CUM 
(as of 2014)

26.86 billion CUM 
(as of 2015)

3 Coal and lignite 2.734 billion tonnes Insignificant Insignificant

4 Tar sands 31 billion barrels of oil 
equivalent

— —

5 Large 
hydropower

11,250 MW 1938 MW (167.4 
million MWh/day)

167.4 million 
MWh/day

6 Small 
hydropower

3500 MW 30 MW (2.6 million 
MWh/day)

2.6 million MWh/
day

7 Solar radiation 3.5–7.0 kWh/m2/day (485.1 
million MWh/day using 0.1% 
Nigeria land area)

Excess of 240 kWp 
of solar PV or 0.01 
million MWh/day

Excess of 0.01 
million MWph/
day of solar PV

8 Wind 2–4 m/s at 10 m height — —

9 Biomass Fuelwood 11 million 
hectares of 
forest and 
woodland

0.110 million 
tonnes/day

0.120 million 
tonnes/day

Animal 
waste

245 million 
assorted in 
2001

0.781 million tonnes 
of waste/day

245 million 
assorted in 2001

Energy 
drops and 
agricultural 
residues

72 million 
hectares of 
agricultural 
land and all 
wastelands

72 million hectares 
of agricultural land 
and all wastelands

72 million 
hectares of 
agricultural land 
and all wastelands

10 Nuclear element Not yet 
quantified

— —

Table 1. 
Energy resources of Nigeria.

S/No Region State Research center Host 
university

Year 
founded

Research 
role

1 North-
East 
(NE)

Adamawa
Bauchi
Borno

Gombe
Taraba
Yobe

National Center 
for Petroleum 
Research and 
Development 

(NCPRD)

Abubakar 
Tafawa Balewa 

University 
Bauchi, 

Bauchi State

2008 Petroleum

2 North-
West 

(NW)

Jigawa
Kaduna

Kano
Katsina
Kebbi
Sokoto

Zamfara

Sokoto Energy 
Research Center 

(SERC)

Usman 
Danfodiyo 
University 

Sokoto, 
Sokoto State

1982 Solar and 
renewable 

energy
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Resource type Reserves Reserve billion metric 
tons of oil equivalent 
(BToE)

Crude oil 36.2 billion barrels 4896

Natural gas 166 trillion standard cubic feet (SCF) 4465

Coal and lignite 2.7 billion tonnes 1882

Tar sands 31 billion barrels of oil equivalent 4216

Subtotal fossil 15,459

Hydropower large scale 11,000 MW

Hydropower small scale 3250 MW

Fuelwood 13,071,464 ha

Animal waste 61 million tonnes/year

Crop residue 83 million tones/year

Solar radiation 3.5–7.0 kW h/m2/day

Wind 2–4 m/s annual average at height 10 m

Table 3. 
Nigeria’s energy reserve/capacity.

S/No Region State Research center Host 
university

Year 
founded

Research 
role

3 South-
South 
(SS)

Akwa Ibom
Bayelsa

Cross River
Rivers
Delta
Edo

National Center 
for Energy and 
Environment 

(NCEE)

University of 
Benin, Edo 

State

2009 Energy and 
environment

4 North-
Central 
(NC)

Benue
Kogi

Kwara
Nasarawa

Niger
Plateau 

FCT

National Center 
for Hydropower 

Research and 
Development 

(NCHRD)

University of 
Ilorin, Ilorin, 
Kwara State

2008 Hydropower

5 South 
East 
(SE)

Abia
Anambra

Ebonyi
Enugu

Imo

The National 
Center for Energy 

Research and 
Development 

(NCERD)

University 
of Nigeria, 

Nsukka, 
Anambra 

State

1980 Solar and 
renewable 

energy

6 South-
West 
(SW)

Ekiti
Lagos
Ogun
Ondo
Osun
Oyo

National Center for 
Energy Efficiency 
and Conservation 

(NCEEC)

University of 
Lagos, Lagos 

State

2008 Energy 
efficiency 

and 
conservation

Table 2. 
Regional distribution of energy research centers in Nigeria.
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Nigerians continue to endure the hardships of inadequate energy access, hindering 
socio-economic progress and perpetuating cycles of poverty.

According to the World Bank, nearly 45% of Nigeria’s population still struggles 
with the darkness of energy deprivation, equating to approximately 99 million indi-
viduals living without access to electricity [16]. This staggering statistic underscores 
the urgent need for comprehensive strategies and concerted efforts to bridge the gap 
between energy availability and accessibility, ensuring that Nigeria’s energy wealth 
translates into tangible benefits for its citizens. The urgent need for a transition to 
cleaner energy sources offers a dual opportunity for Nigeria [7]. Firstly, it presents 
a chance to mitigate the adverse environmental impacts associated with fossil fuel 
dependency, including air pollution and climate change. Secondly, it unlocks poten-
tial economic benefits through enhanced energy access (Table 2) and the adoption 
of modular renewable energy technologies, fostering economic growth and social 
development. Despite facing numerous challenges within its energy sector, including 
inadequate electricity generation capacity and unreliable power supply, Nigeria stands 
at a pivotal moment in its energy transition journey. By prioritizing renewable energy 
investments, implementing supportive policies, and fostering innovation, Nigeria can 
pave the way toward a sustainable and resilient energy future.

2.  Energy and natural resource potential in Nigeria

Nigeria boasts significant energy and natural resource potential, including vast 
reserves of oil, natural gas, coal, and renewable energy sources such as solar and wind 
(Table 1) [9, 10]. However, challenges such as energy poverty, inadequate infrastruc-
ture, and environmental degradation accentuate the need for sustainable develop-
ment strategies. With substantial proven oil reserves estimated at over 37 billion 
barrels, Nigeria ranks among the top oil-producing nations globally. The Niger Delta 
region, particularly, has been a focal point of oil exploration and production, driving 
significant revenue for the country. Additionally, Nigeria’s vast natural gas reserves 
have positioned it as a key player in the global liquefied natural gas (LNG) market. 
Leveraging these resources efficiently presents an avenue for economic diversification 
and energy security.

Beyond oil and gas, Nigeria has significant reserves of coal, lithium, uranium, 
cobalt, and rare earth elements (REEs). Coal, historically utilized for electricity gen-
eration and industrial processes, faces environmental challenges but is still utilized 
to a limited extent for energy production [13]. Lithium-ion batteries have become 
increasingly important for storing energy from renewable sources like solar and wind 
power. Lithium, a lightweight metal, is a key component of these batteries due to its 
high energy density and rechargeability. Demand for lithium has surged with the 
growth of electric vehicles and grid-scale energy storage systems. Uranium is a radio-
active element used as fuel in nuclear power plants to produce electricity. Nuclear 
energy is a low-carbon alternative to fossil fuels, emitting negligible greenhouse gases 
during electricity generation. Cobalt is another critical component of lithium-ion 
batteries, serving to stabilize their performance and increase energy density. REEs 
in the Southwestern and Southeastern of Nigeria are a group of 17 elements crucial 
for various clean energy technologies, including wind turbines, electric vehicles, and 
energy-efficient lighting. These minerals are essential for the production of magnets, 
catalysts, and phosphors used in these applications.
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2.1  Carbon emissions and footprint in Nigeria

Despite its rich energy resources, Nigeria stands at a crossroads, grappling with 
the urgent need to reduce carbon emissions and environmental degradation while 
harnessing its abundant energy and natural resources to drive sustainable develop-
ment [17]. Rapid urbanization, industrialization, energy consumption patterns, and 
deforestation contribute to rising emissions, exacerbating climate change impacts, 
and threatening public health and ecosystems. As Nigeria continues to develop and 
industrialize, the issue of carbon emissions and its environmental footprint has 
become increasingly significant. As of 2022, carbon emissions from the power sector 
in Nigeria reached around 11.8 million metric tons of carbon dioxide equivalent. The 
country’s energy sector, dominated by fossil fuels such as oil, natural gas, and coal, 
remains a primary source of carbon emissions. Additionally, deforestation, agricul-
tural practices, and industrial activities contribute to the nation’s carbon footprint.

In line with the country’s Nationally Determined Contributions (NDC) submit-
ted to the United Nations Framework Convention on Climate Change (UNFCCC), 
Nigeria has committed to cutting emissions by 20% by 2030, comparable to cur-
rent levels, with the potential to cut emissions by up to 45% with assistance from 
international sources [18]. To achieve this, the government has taken several steps to 
encourage investment in renewable energy, such as creating a feed-in tariff system 
for renewable energy projects and establishing the Nigerian Renewable Energy and 
Energy Efficiency Policy (NREEEP) [18]. With the efforts to diversify the energy mix 
and promote renewable energy sources, the transition remains gradual, resulting in 
persistent reliance on carbon-intensive fuels. Nigeria recently took on three signifi-
cant pledges at the Conference of Parties (COP26) in 2021, two of which are to reach 
net-zero emissions by 2060.

However, to mitigate greenhouse gases (GHGs) and CO2 emissions, interna-
tional organizations such as; the United Nations (U.N.), European Union (E.U.), 
Intergovernmental Panel on Climate Change (IPCC), and Organization for Economic 
Co-operation and Development (OECD) have suggested carbon tax should be a policy 
instrument for achieving a given reduction target among numerous administra-
tive reforms and policies including energy transition, environmental related taxes, 
emission disclosure standards, and emission trading schemes [19]. The carbon tax 
imposed on CO2 emissions or carbon content of fossil fuels prevents enterprises from 
using excess fossil fuels [18]. In spite of the challenges, Nigeria possesses significant 
opportunities to mitigate its carbon emissions and pursue sustainable development 
pathways. Transitioning toward renewable energy sources presents a viable solution 
to reduce reliance on fossil fuels and curb emissions. Effective policy frameworks and 
institutional mechanisms are essential to drive carbon mitigation efforts in Nigeria. 
Strengthening regulatory frameworks, enforcing environmental standards, and 
incentivizing low-carbon investments are crucial steps toward achieving emissions 
reduction targets.

2.1.1  Nigeria’s policies on carbon emissions

Nigeria, like many other countries, has recognized the importance of addressing 
carbon emissions and reducing carbon footprints to mitigate climate change and 
promote sustainable development. Various Energy Policies and Initiatives such as 
Nigeria’s National Energy Policy outline the country’s energy development goals and 
strategies. The policy emphasizes the importance of sustainable energy development, 
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including increasing the share of renewable energy sources, improving energy effi-
ciency, and reducing environmental impacts, including carbon emissions. Nigeria is 
also implementing policies and programs to promote renewable energy development 
as part of its energy mix diversification and carbon emissions reduction efforts. This 
includes the National Renewable Energy and Energy Efficiency Policy, which aims to 
increase the contribution of renewable energy sources such as solar, wind, biomass, 
and hydropower to Nigeria’s energy supply. Nigerian has also launched the Renewable 
Energy Master Plan (REMP), which seeks to increase the use of renewable energy to 
30% by 2030. The plan also aims to increase energy efficiency by 20%.

Improving energy efficiency is a priority in Nigeria’s energy policies to reduce 
carbon emissions and enhance energy security. The Energy Commission of Nigeria 
and Standard Organization of Nigeria have introduced energy efficiency standards 
and labeling programs for appliances and equipment, as well as initiatives to promote 
energy-efficient practices in industries, buildings, transportation, and agriculture. 
Also, other policies are focusing on expanding natural gas infrastructure and increas-
ing domestic gas utilization for power generation, industrial processes, and transpor-
tation to reduce carbon emissions.

While Nigeria has not yet implemented a comprehensive carbon pricing mecha-
nism, discussions around carbon pricing and market-based mechanisms to incentiv-
ize emission reductions and promote low-carbon investments have been ongoing. The 
government has expressed interest in exploring options such as emissions trading 
schemes and carbon taxation to mitigate carbon emissions. Nigeria is a signatory to 
international agreements such as the Paris Agreement, which commits countries to 
take actions to mitigate climate change and reduce greenhouse gas emissions. Nigeria’s 
energy policies align with its commitments under the Paris Agreement, and the 
country has submitted its Nationally Determined Contributions (NDCs) outlining its 
targets for emission reductions and climate adaptation measures.

Nigeria is investing in research and development initiatives to support clean 
energy technologies, carbon capture and storage (CCS), and other innovative solu-
tions to reduce carbon emissions from energy production and consumption. Overall, 
Nigeria’s energy policies aim to promote sustainable energy development, reduce 
reliance on fossil fuels, and mitigate carbon emissions to address climate change chal-
lenges while supporting economic growth and energy security objectives. Continued 
implementation of these policies, coupled with efforts to strengthen institutional 
capacity, mobilize investments, and enhance international cooperation, will be 
crucial for achieving Nigeria’s energy and climate goals.

An increasing body of research has highlighted efforts to reduce global energy-
related CO2 emissions in order to reach the carbon neutral (CN) objective [20–22]. 
Carbon neutrality is attained when the amount of CO2 emitted into the atmosphere 
through economic activities is equal to the amount of CO2 absorbed in carbon sinks 
such as soil, forest, and ocean through a process known as carbon sequestration [23]. 
According to Zou et al. [21], carbon neutrality is the point at which human economic 
interference with global climate systems has negligible discernible consequences.

3.  Energy Commission of Nigeria Research Centers

The Energy Commission of Nigeria (ECN), established by Act No. 62 of 1979 and 
subsequently amended by Act No. 32 of 1988 and Act No. 19 of 1989, plays a pivotal 
role in strategically planning and coordinating national energy policies across diverse 
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domains. Empowered by its mandate, the ECN functions as the primary governmental 
body responsible for overseeing energy sector planning and policy implementation. 
It actively advocates for the diversification of energy sources, promoting the develop-
ment and efficient utilization of existing resources, while also leading the integration 
of new and alternative energy options such as Solar, Wind, Biomass, and Nuclear 
Energy. In addition to its core responsibilities, the Commission serves as a central 
repository for gathering and disseminating information on national energy policy. It 
acts as a focal point for resolving technical issues arising from policy implementation 
and provides advisory services to the Federal and State Governments on energy-related 
matters upon request. The ECN also develops periodic master plans for the balanced 
and coordinated advancement of energy in Nigeria, in consultation with relevant 
government agencies. These plans include recommendations for exploiting new energy 
sources and other initiatives deemed beneficial to national interests. The Commission 
establishes guidelines for the utilization of different energy types for specific purposes 
and investigates funding adequacy in the energy sector, offering recommendations to 
the government on aspects such as research and development, production, and distri-
bution. It analyzes and publishes pertinent energy information from diverse sources 
and monitors the sector’s performance in alignment with government energy policies.

The ECN collaborates with international organizations such as the International 
Atomic Energy Agency, International Renewable Energy Agency, and World Energy 
Council to foster global partnerships and knowledge exchange. It also promotes 
training and capacity-building initiatives within the energy sector and undertakes any 
additional tasks as directed by the government. To enhance its coordination (Figure 1) 
and formulation of well-informed policies regarding renewable energy, energy 
efficiency, and resource management, the ECN established energy research centers 
to advance knowledge and technologies across diverse energy sectors, encompassing 
fossil fuels, renewable energy, and energy efficiency (Table 2). The ECN meticulously 
formulates long-term energy plans, strategies, and forecasts to guide Nigeria’s energy 
sector toward sustainability. It systematically collects, analyzes, and disseminates 
energy data and statistics through its research Centers to inform policy decisions, 
guide investment planning, and facilitate project implementation nationwide.

Moreover, the ECN assumes a pivotal role in advocating for renewable energy 
sources, offering incentives, technical support, and capacity-building initiatives to 
promote the adoption and utilization of renewable energy technologies across Nigeria. 
Through fostering innovation, collaboration, and knowledge exchange, the ECN remains 
resolute in propelling Nigeria’s energy transition toward a sustainable and prosperous 
future. Research centers under energy commissions typically focus on various aspects of 
energy production, distribution, efficiency, and sustainability. The mandates of ECN’s 
energy research centers are tailored to leverage the comparative advantages of the geopo-
litical regions in which they are situated (Figure 2). These mandates are designed to align 
with the goals and priorities established by the overseeing energy commission.

3.1  National Center for Energy Research and Development (NCERD)

NCERD established in the Southeast (SE) region of Nigeria is one of the flagship 
research Centers under the Energy Commission of Nigeria. It focuses on conducting 
research, development, and demonstration activities in various areas of energy, includ-
ing renewable energy technologies, energy efficiency, and energy policy analysis.
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Figure 1. 
Coordination of different research centers under ECN.

Figure 2. 
Distribution of energy research centers in the six geopolitical regions of Nigeria.
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3.2  National Center for Hydropower Research and Development (NCHRD)

NCHRD established in the North-Central (NC) region of Nigeria is dedicated to 
research and development efforts related to hydropower generation in Nigeria. It aims 
to explore the country’s hydropower potential, improve hydropower technologies, 
and promote sustainable hydropower development practices.

3.3  National Center for Petroleum Research and Development (NCPRD)

NCPRD established in the North-East (NE) focuses on research and development 
activities in the petroleum sector, including exploration, production, refining, and 
utilization of petroleum resources. It aims to enhance the efficiency, sustainability, 
and competitiveness of Nigeria’s petroleum industry.

3.4  National Center for Energy Efficiency and Conservation (NCEEC)

NCEEC established in the South-West (SW) region focuses on research and 
development efforts aimed at promoting energy efficiency and conservation practices 
across different sectors of the economy. It conducts studies, develops standards, and 
provides recommendations to improve energy efficiency and reduce energy con-
sumption in Nigeria.

3.5  The Sokoto Energy Research Center (SERC)

SERC established in the North-West (NW) of Nigeria is one of the prominent 
research Centers under the Energy Commission of Nigeria (ECN). The Center is spe-
cifically focused on research and development efforts related to renewable energy and 
energy efficiency in Nigeria, with a particular emphasis on the North-West region.

3.6  National Center for Energy and Environment (NCEE)

NCEE was established in the South-South (SS) region of Nigeria and is one of the 
research Centers under the Energy Commission of Nigeria (ECN). The NCEE focuses 
on research, development, and promotion of sustainable energy and environmental 
practices in Nigeria. NCEE conducts research on various aspects of energy and the 
environment, including renewable energy technologies, energy efficiency, climate 
change mitigation, and environmental sustainability. The Center explores innovative 
solutions to address energy challenges while minimizing environmental impacts.

4.  Collaborative strategies of the energy research centers

Energy Research Centers (ERCs) work together to create a research ecosystem 
characterized by collaboration, innovation, and impact. By establishing collaborative 
networks, engaging in joint research projects, sharing resources, providing train-
ing and capacity-building opportunities, disseminating knowledge, and engaging 
in policy advocacy, research centers contribute to the advancement of knowledge, 
the development of human capital, and the translation of research into meaningful 
societal outcomes. As Nigeria continues to navigate the complex challenges of energy 
security and sustainability, the role of energy research centers becomes increasingly 
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crucial. These centers serve as hubs of innovation, driving advancements in technol-
ogy, policy, and industry practices. Collaboration among these centers can foster 
innovation, drive technological advancements, and accelerate the transition to 
renewable energy sources. To achieve visible progress in the research and develop-
ment programs of the Commission, ERCs must work together to establish a research 
ecosystem and realize Nigeria’s vision of becoming a regional renewable energy 
powerhouse. This entails employing various strategies to address the nation’s energy 
needs and foster sustainable development. Key strategies include:

4.1  Knowledge sharing and collaboration

Knowledge sharing and collaboration among energy research centers in Nigeria are 
fundamental pillars for fostering innovation and addressing the nation’s energy chal-
lenges. By actively exchanging insights, data, and expertise, these centers collectively 
advance research, drive technological innovations, and accelerate the adoption of sus-
tainable energy solutions. The energy research centers across Nigeria have established 
platforms for sharing research findings, best practices, and resources. Platforms for 
knowledge sharing and collaboration include online forums, workshops, seminars, 
and conferences. These are spaces established for researchers to interact and exchange 
ideas. These platforms facilitate the dissemination of knowledge and the formation of 
collaborative networks to address common challenges and leverage diverse expertise. 
This sharing of knowledge fosters a culture of collaboration and accelerates progress 
toward renewable energy goals.

4.2  Interdisciplinary research initiatives

Interdisciplinary research initiatives are pivotal for energy research centers in 
Nigeria to address the multifaceted challenges of the energy sector comprehensively. 
By integrating expertise from diverse disciplines, such as engineering, environ-
mental science, economics, social sciences, and policy studies, these initiatives 
generate innovative solutions that are both technically sound and socially relevant. 
Energy research centers foster interdisciplinary research initiatives by identify-
ing research priorities that require interdisciplinary approaches such as renewable 
energy integration, energy access in rural communities, sustainable urban planning, 
and the socioeconomic impacts of energy transitions. By aligning research agendas 
with societal needs, interdisciplinary initiatives can produce research outcomes 
with tangible benefits. Also, energy research centers initiate cross-cutting research 
projects that leverage expertise from different disciplines to address complex energy 
challenges. For example, a research project on solar energy deployment may involve 
engineers designing efficient photovoltaic systems, environmental scientists assess-
ing the environmental impacts, economists analyzing the cost-effectiveness, and 
sociologists studying community acceptance and participation. By integrating diverse 
perspectives, these projects can produce holistic solutions that account for techni-
cal, environmental, economic, and social dimensions. Energy research centers also 
promote interdisciplinary training and education programs to prepare researchers 
for collaborative work across disciplines. These programs include interdisciplinary 
courses, workshops, seminars, and experiential learning opportunities. By fostering 
interdisciplinary skills such as communication, teamwork, and problem-solving, 
energy research centers cultivate a new generation of researchers capable of address-
ing complex energy challenges in a holistic manner. These initiatives can provide 
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comprehensive solutions to complex energy issues and facilitate the integration of 
renewable energy technologies into Nigeria’s energy landscape.

4.3  Joint funding and resource mobilization

Pooling resources through joint funding mechanisms enhances the capacity of 
energy research centers to undertake ambitious projects. Collaborative grant appli-
cations and partnerships with government agencies, industry stakeholders, and 
international organizations provide the necessary funding and support for impactful 
research endeavors. ERCs form consortia and networks with other research institu-
tions, universities, and non-governmental organizations (NGOs) to access funding 
opportunities and share resources. Collaborative research consortia strengthen grant 
applications, enhance competitiveness, and enable resource sharing among partner 
institutions. Networks facilitate knowledge exchange, collaboration, and coordina-
tion of research efforts across different organizations. Energy commission research 
centers (ECRCs) establish strategic alliances with academic institutions, research 
laboratories, and industry associations through formal agreements such as memo-
randum of understandings (MoUs) to facilitate joint funding and resource mobiliza-
tion efforts. These alliances enable collaborative research, technology transfer, and 
capacity-building initiatives that benefit all parties involved.

4.4  Infrastructure sharing and capacity building

Sharing research infrastructure and facilities optimizes resource utilization and 
reduces duplication of efforts. Additionally, collaborative training programs and work-
shops can enhance the skills and expertise of researchers, technicians, and students 
across different centers, thereby strengthening the research ecosystem.

4.5  Stakeholder engagement and policy advocacy

ERCs collectively engage with policymakers, industry leaders, and civil society 
organizations to advocate for supportive policies and regulations conducive to renew-
able energy development. By providing evidence-based recommendations and expert 
insights, research centers influence decision-making processes and drive the adoption 
of renewable energy technologies.

5.  Recent projects by Nigeria’s energy research centers

Through various initiatives and collaborations, the ECN’s research centers have 
made significant strides in harnessing clean energy resources, promoting sustain-
able livelihoods, and remedying environmental issues. One of the notable projects 
undertaken by the ECN’s research centers is the Professional Training Courses on 
Solar Photovoltaic Installation (SPVI). In collaboration with partners such as the 
European Union (EU), Deutsche Gesellschaft für Internationale Zusammenarbeit 
(GIZ), and United States Agency for International Development (USAID), the centers 
provided comprehensive training to equip individuals with the skills needed to install 
and maintain solar photovoltaic systems. Furthermore, special attention was given 
to empowering women and youth through training programs focused on renew-
able energy technologies, thus fostering inclusivity and diversity within the sector. 
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In addition to SPVI, the ECN’s research centers conducted training sessions on Solar 
Thermal Systems for Experts and Professionals, in collaboration with the Economic 
Community of West African States (ECOWAS). These programs aim to enhance the 
expertise and proficiency of professionals in utilizing solar thermal systems, thereby 
contributing to the widespread adoption of sustainable energy solutions across vari-
ous sectors.

Recognizing the importance of energy efficiency in mitigating environmental 
impact and reducing energy consumption, the ECN’s research centers have under-
taken several initiatives in this area. Through the Training-of-Trainers (ToT) program 
on Energy Audit and Energy Management, funded by the German Government under 
the Nigerian Energy Support Program (NESP), professionals were equipped with 
the necessary knowledge and skills to conduct energy audits and implement effective 
energy management practices. By promoting energy efficiency measures, these initia-
tives not only contribute to cost savings but also help in reducing carbon emissions 
and enhancing sustainability. Furthermore, the centers have spearheaded activities 
aimed at retrofitting incandescent lamps with compact fluorescent lamps (CFL). This 
simple yet effective measure not only helps in reducing energy consumption but also 
serves as a practical demonstration of energy-efficient lighting solutions. By promot-
ing the adoption of CFLs, the ECN’s research centers play a vital role in advocating for 
sustainable practices at the grassroots level.

In line with their commitment to environmental sustainability, the ECN’s research 
centers have developed biogas technologies as a renewable energy source. By utiliz-
ing organic waste materials, such as agricultural residues and animal manure, these 
technologies not only generate clean energy but also contribute to waste manage-
ment and environmental conservation. Moreover, the centers have been actively 
involved in environmental forensics and remediation for energy-related activities. 
By conducting thorough assessments and implementing remedial measures, they 
address environmental concerns arising from energy utilization practices, thereby 
promoting responsible and sustainable energy development. The Energy Commission 
of Nigeria’s research centers have been instrumental in driving forward the agenda of 
renewable energy, energy efficiency, and environmental sustainability. Through their 
pioneering projects and collaborative efforts, they have not only advanced technologi-
cal innovations but also empowered individuals and communities to embrace clean 
energy solutions. As Nigeria strives toward a greener and more sustainable future, the 
ECN’s research centers continue to play a pivotal role in shaping the country’s energy 
landscape for the better.

6.  Role of energy research centers in reducing carbon footprint

In Nigeria where energy demands are high and natural resources are abundant 
reducing the carbon emissions and footprint across various sectors is crucial for 
achieving sustainable development goals [24]. ERCs play a pivotal role in research 
and development efforts to reduce energy-related CO2 emissions in order to reach 
the carbon neutral (CN) objective. Carbon neutrality is attained when the amount of 
CO2 emitted into the atmosphere through economic activities is equal to the amount 
of CO2 absorbed in carbon sinks such as soil, forest, and ocean through a process 
known as carbon sequestration [23]. According to Zou et al. [21], carbon neutrality is 
the point at which human economic interference with climate systems has negligible 
discernible consequences. Carbon conversion, emission reduction, and transfer are 
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some of the strategies targeted at achieving carbon neutrality, although many of 
them are still poorly defined or executed in Nigeria. ERCs’ contributions to achieving 
carbon neutrality can be categorized into several key areas:

6.1  Advancing clean energy technologies

At the heart of ERC’s mission lies the development of clean and renewable 
energy technologies. ERCs invest significant resources into exploring and refining 
alternative sources of energy such as solar, wind, hydroelectric, and geothermal 
power. as well as energy storage solutions like batteries and hydrogen fuel cells. 
ERCs conduct fundamental and applied research to improve efficiency, affordabil-
ity, and scalability. ERCs are at the forefront of developing clean energy technolo-
gies tailored to the country’s specific needs and resources. By harnessing the power 
of innovation, they pave the way for a future where carbon-intensive fossil fuels 
are gradually phased out in favor of cleaner alternatives. By investing in indigenous 
clean energy solutions, these centers help reduce Nigeria’s reliance on fossil fuels 
and lower its carbon emissions. ERCs often serve as testbeds for demonstrating 
the feasibility and effectiveness of emerging clean energy technologies at scale. By 
showcasing real-world applications, they help bridge the gap between laboratory 
research and commercial deployment, thereby accelerating the adoption of clean 
energy solutions.

6.2  Enhancing energy efficiency

Improving energy efficiency is a key strategy for reducing carbon footprint, and 
ERCs play a vital role in this endeavor. Through research and development initiatives, 
they identify opportunities to optimize energy consumption in industries, transpor-
tation, and buildings. By promoting the adoption of energy-efficient technologies 
and practices, they contribute to lowering energy demand and mitigating greenhouse 
gas emissions. This includes designing more efficient appliances, and industrial 
processes, as well as implementing smart grid technologies and energy management 
systems. By reducing energy waste and maximizing the use of resources, energy 
research Centers contribute significantly to lowering carbon emissions and mitigating 
the impacts of climate change. In addition to developing new sources of clean energy, 
energy research Centers are deeply committed to improving energy efficiency across 
all sectors of the economy. Through rigorous analysis and experimentation, research-
ers identify opportunities to optimize energy consumption in industries, transporta-
tion, and buildings. This includes designing more efficient appliances, vehicles, and 
industrial processes, as well as implementing smart grid technologies and energy 
management systems.

6.3  Promoting renewable energy integration

ERCs collaborate with stakeholders to promote the seamless integration of 
renewable energy into Nigeria’s energy mix. They work on grid modernization 
initiatives, energy storage solutions, and demand-side management strategies 
to facilitate the integration of solar, wind, and other renewable sources into the 
existing energy infrastructure. By bolstering the reliability and stability of renew-
able energy systems, the Centers accelerate the transition toward a low-carbon 
energy future. However, the deployment of renewable energy technologies remains 
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relatively low, constrained by challenges such as policy inconsistency, limited 
financing options, and technical barriers. Promoting renewable energy integration 
is essential for reducing carbon footprints and transitioning toward a more sustain-
able energy future.

6.4  Advancing carbon capture and storage (CCS)

Given Nigeria’s significant role as an oil-producing nation, ERCs focus on develop-
ing carbon capture and storage (CCS) technologies to mitigate emissions from fossil 
fuel-based industries. These Centers conduct research on cost-effective CO2 capture 
methods and explore suitable storage sites, laying the groundwork for the deployment 
of CCS projects across the country. By capturing and sequestering carbon emis-
sions, they help Nigeria meet its climate goals while sustaining its energy-intensive 
industries. They also investigate safe and effective ways to store captured carbon 
underground, preventing it from entering the atmosphere and exacerbating global 
warming. By advancing CCS solutions, energy research centers offer a viable pathway 
for reducing the carbon footprint of fossil fuel-based energy generation while facili-
tating a smoother transition to cleaner energy sources.

6.5  Policy development and advocacy

ERCs collaborate with the government and other stakeholders to develop and 
advocate for policies that promote clean energy adoption and carbon reduction initia-
tives. They provide evidence-based recommendations, conduct policy analysis, and 
facilitate stakeholder dialogs to inform the design and implementation of effective 
energy policies. By driving policy change and creating an enabling regulatory envi-
ronment, ERCs support Nigeria’s transition toward a sustainable, low-carbon energy 
sector. ERCs advocate for renewable energy incentives, energy efficiency standards, 
carbon pricing mechanisms, and other policy measures to promote sustainable energy 
development, reduce greenhouse gas emissions, and mitigate climate change impacts.

ERCs have been instrumental in advocating for renewable energy deployment and 
supporting policy reforms to create an enabling environment for sustainable energy 
development in Nigeria. Through policy analysis, research reports, and stakeholder 
engagement, ERCs have provided evidence-based recommendations to policymak-
ers, legislators, and regulators on the need for renewable energy incentives, feed-in 
tariffs, tax incentives, and regulatory reforms. This advocacy has led to the develop-
ment and implementation of supportive policies and programs, such as the National 
Renewable Energy Action Plan (NREAP), Renewable Energy Master Plan (REMP), 
and Renewable Energy Policy (RE Policy), which aim to promote the deployment of 
renewable energy technologies and attract investment in the sector. ERCs have also 
collaborated with government agencies, industry associations, and civil society orga-
nizations to raise awareness about the socio-economic and environmental benefits of 
renewable energy and build consensus for policy action.

6.6  Capacity building and knowledge sharing

ERCs play a crucial role in building local capacity and fostering knowledge sharing 
in the energy sector. Through training programs, workshops, and technical assistance 
initiatives, they empower researchers, policymakers, and industry professionals with 
the skills and expertise needed to drive innovation and sustainable development. 
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By nurturing a culture of learning and collaboration, these Centers contribute to 
long-term solutions for reducing Nigeria’s carbon footprint and building resilience to 
climate change.

ERCs play a vital role in education and capacity building by providing training 
programs, workshops, and seminars to build the skills and knowledge of energy 
professionals, policymakers, and stakeholders. They offer professional development 
programs, and hands-on training in renewable energy technologies, energy manage-
ment practices, and sustainability principles. ERCs also support research scholar-
ships, fellowships, and internships to cultivate the next generation of energy leaders 
and innovators, fostering a skilled workforce capable of driving sustainable energy 
transitions.

ERCs raise public awareness and promote knowledge dissemination on sustainable 
energy issues through outreach programs, public lectures, and media campaigns. 
They communicate scientific findings, policy insights, and best practices to inform 
and empower communities, decision-makers, and stakeholders to take action on 
energy sustainability. ERCs engage in community outreach, environmental educa-
tion, and public engagement initiatives to foster a culture of energy conservation, 
environmental stewardship, and sustainable development at the local, national, and 
global levels.

Overall, ERCs play a multifaceted role in advancing sustainable energy develop-
ment by driving innovation, informing policy, building capacity, fostering collabo-
ration, and raising awareness. Their contributions are essential for achieving the 
goals of energy security, environmental protection, and socio-economic prosperity 
in a rapidly changing energy landscape. By harnessing the collective expertise and 
resources of ERCs, societies can accelerate the transition to a sustainable energy 
future and address the pressing challenges of climate change, energy poverty, and 
resource scarcity facing the world today.

6.7  Technology transfer and commercialization

ERCs facilitate technology transfer and commercialization by translating research 
findings into practical applications, products, and services for the market. They 
collaborate with industry partners, startups, and entrepreneurs to pilot, scale, and 
commercialize innovative energy technologies and solutions. ERCs provide techni-
cal assistance, incubation support, and access to funding and resources to accelerate 
the development and deployment of clean energy technologies, fostering economic 
growth, job creation, and market competitiveness in the energy sector.

6.8  Specialized training programs and courses

ERCs organize specialized training programs, workshops, and courses tailored to 
various aspects of energy research, technology, and management. These programs 
cover topics such as renewable energy technologies, energy efficiency measures, 
energy policy and regulation, sustainable energy systems, and climate change mitiga-
tion strategies. Participants, including students, researchers, professionals, policy-
makers, and industry stakeholders, benefit from hands-on learning experiences, 
expert lectures, and interactive sessions conducted by leading experts in the field. The 
training programs are designed to enhance participants’ technical skills, analytical 
capabilities, and problem-solving abilities, preparing them for careers in the energy 
sector and related industries.
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6.9  Access to state-of-the-art laboratories and research facilities

ERCs provide access to state-of-the-art laboratories, research facilities, and 
experimental infrastructure to support hands-on learning, experimentation, and 
technology development. These facilities are equipped with advanced instru-
mentation, testing equipment, computational tools, and simulation software 
necessary for conducting experiments, analyzing data, and validating research 
findings. Students, researchers, and industry collaborators have the opportunity 
to work in interdisciplinary teams, collaborate on research projects, and lever-
age cutting-edge technologies to address real-world energy challenges. Access 
to research facilities fosters innovation, collaboration, and knowledge exchange 
among stakeholders, leading to breakthroughs in renewable energy, energy 
efficiency, and clean technologies.

Capacity building and training programs offered by ERCs are essential for 
developing a skilled workforce, fostering innovation, and advancing knowledge in 
the energy sector. By investing in human capital development, ERCs contribute to 
building a sustainable energy future and addressing the pressing global challenges of 
energy security, environmental sustainability, and climate change mitigation. These 
programs empower individuals to become leaders, innovators, and change agents 
in shaping the transition to a cleaner, more resilient energy system. The impact of 
Energy Research Centers (ERCs) in Nigeria is profound, with their initiatives contrib-
uting significantly to sustainable energy development across various sectors.

7.  Nigeria’s energy transition unlocking energy and natural resources for 
sustainable development

With an increasing global focus on sustainability and climate change mitigation, 
Nigeria’s energy transition is gaining prominence [9]. Energy transition is driven by 
a combination of factors, including policy frameworks, technological advancements, 
and economic imperatives. Nigeria has implemented various policy frameworks to 
promote renewable energy adoption and energy efficiency. The National Renewable 
Energy and Energy Efficiency Policy (NREEEP), launched in 2015, sets ambitious 
targets for increasing the share of renewable energy in the energy mix. Additionally, 
initiatives such as the Rural Electrification Agency’s Mini-Grids Program aim to 
enhance energy access in rural areas through decentralized renewable energy solu-
tions. The deployment of renewable energy technologies, particularly solar and 
hydroelectric power, has witnessed significant progress in Nigeria. Large-scale solar 
projects, such as the Katsina Solar Power Plant, highlight the country’s potential to 
harness solar energy resources.

Nigeria’s energy transition is a complex and multifaceted process that requires 
concerted efforts from policymakers, industry stakeholders, and civil society. While 
significant progress has been made, addressing existing challenges and capitalizing on 
emerging opportunities are crucial for advancing toward a sustainable energy future. 
By leveraging its abundant renewable energy resources and fostering an enabling 
environment for investment and innovation, Nigeria can navigate its energy transi-
tion path and contribute to global efforts to mitigate climate change while ensuring 
energy security and socioeconomic development. In parallel with efforts to reduce 
carbon emissions, research Centers focus on unlocking Nigeria’s energy and natural 
resource potential for sustainable development.
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8.  Challenges and opportunities

Despite progress, the Research Center’s efforts to tackle carbon emissions and 
unlock energy resources face challenges such as funding constraints, policy barriers, 
and institutional capacity gaps. Weak governance structures, regulatory inconsis-
tencies, and corruption hinder effective management and equitable distribution 
of resource revenues. Lack of transparency and accountability in the allocation of 
licenses and contracts further exacerbates socio-economic inequalities and under-
mines public trust.

Nigeria’s energy sector is vulnerable to security risks, including militancy, pipeline 
vandalism, and insurgency activities in oil-producing regions. These challenges 
disrupt operations, deter investment, and undermine the stability of the energy mar-
ket, hampering economic growth and development. The adverse effects of climate 
change, such as rising temperatures, erratic rainfall patterns, and extreme weather 
events, pose significant risks to Nigeria’s energy and natural resource sector. Increased 
frequency of droughts, floods, and storms threatens infrastructure, agriculture, and 
livelihoods, necessitating adaptation and resilience measures.

9.  Conclusion

In conclusion, research Centers play a crucial role in addressing carbon emis-
sions and unlocking energy resources for sustainable development in Nigeria. By 
driving innovation, shaping policy, and fostering collaboration, research Centers 
contribute to a greener, more resilient future for Nigeria. Moving forward, sustained 
investment, policy support, and cross-sectoral cooperation are essential to realizing 
Nigeria’s potential as a leader in sustainable energy and natural resource manage-
ment. ERCs serve as catalysts for advancing clean energy technologies and reducing 
carbon footprints by conducting R&D, demonstrating technology viability, fostering 
collaborative partnerships, supporting policy development, educating stakeholders, 
conducting techno-economic analysis, and nurturing innovation ecosystems. Their 
multidisciplinary approach and cross-sectoral collaborations are essential for address-
ing the urgent challenges of climate change and sustainable development.
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