
Renewable and Sustainable Energy Reviews 

1 
 

Sustainable Transition towards Biomass-based Cement Industry: A 
review 
 

Ravi Teja Kusumaa, Rahul B. Hirematha, Pachimatla Rajeshb, Bimlesh Kumarc*, Suresh 
Renukappad 

Author Details 
a Symbiosis Centre for Management and Human Resource Development, Symbiosis 
International (Deemed University), Pune, India 
b Department of Chemical Engineering, Sri Sivasubramaniya Nadar College of 
Engineering, Chennai, India 
c* Department of Civil Engineering, Indian Indistutte of Technology Guwahati, 
Guwahati, India 
d Faculty of Science and Engineering, University of Wolverhampton, Wolverhampton, 
United Kingdom, 
 
S.No Author Details  Email ID 
1 Ravi Teja Kusumaa ravi_teja@scmhrd.edu 
2 Rahul B. Hirematha rahulhiremath@gmail.com 
3 Pachimatla Rajeshb  pachimatlar@ssn.edu.in 
4* Bimlesh Kumar c* bimk@iitg.ac.in 
5 Suresh Renukappad Suresh.Renukappa@wlv.ac.uk 

* corresponding author, bimk@iitg.ac.in 

Abstract 
Cement manufacturing is a hard-to-abate industrial sector that accounts for 5 to 8% of 
global anthropogenic emissions. Approximately 80 to 90% of these emissions occur 
during limestone calcination and fuel combustion processes. Decarbonising these two 
emission and energy-intensive processes requires a sustained and regenerative supply of 
low-carbon resources. Unlike other renewables such as solar or wind, biomass is 
uniquely positioned to abate emissions from fuel combustion and process emissions by 
substituting clinker with biomass ash. Moreover, bioenergy with carbon capture 
utilisation or storage offsets the energy penalties and associated emissions due to the 
deployment of carbon-capturing technologies. The sustainable transition towards 
biomass-based industry involves multifaceted socio-technical conflicts across bioenergy 
and cement sectors. This review uncovers opportunities, challenges and interplay 
involved in the sustainable transition of the cement industry through the lens of circular 
bioeconomy and multi-level perspective. The review found that 20 to 30% of fossil 
fuels can be replaced with biofuels without significant capital investments. This can be 
further enhanced through pre-processing of biomass and process optimisation. Clinker 
substitution with biomass ash is reported to be in the range of 3 to 80%. To increase the 
uptake of biomass, key aspects of circular bioeconomy are good starting points for 
transition at an organisation level, but system-wide change demands policy 
interventions. The policy intervention points presented in this study will serve as focus 
areas for practitioners and policy makers.  
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BBA   Biomass Bottom Ash 
BE   Bioeconomy 
BECCS  Bio-energy Carbon Capture and Storage 
BFA   Biomass Fly Ash 
CaL   Calcium Looping 
CBE   Circular Bioeconomy 
CCS   Carbon capture and storage 
CCUS   Carbon Capture Utilisation and Storage 
CE   Circular Economy 
EOR   Enhanced Oil Recovery 
LHV   Lower Heating Value 
LOI   Loss of Ignition 
MJ   Megajoules 
MJLHV   Megajoules (Lower Heating Value) 
SCM   Supplementary Cementitious Materials 
TSR   Thermal Substitution Rate 
Wt%   Percentage of weight 
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1. Introduction 
Anthropogenic mass dominated by concrete and aggregates is poised to exceed the total 
global biomass by 2037±10 [1]. This accelerated mass consumption is attributed to 
major global events such as world wars and economic crises. Consequently, demand for 
basic materials like cement has increased, resulting in production enhancement from 
100 million tons in 1950 to 4.1 billion tons in 2019 [2–5]. The socio-economic 
uncertainties caused by the COVID-19 pandemic have led to the announcement of 
stimulus packages worth $9 trillion by the Group of Twenty and other emerging 
economies [6]. The majority of these investments are focused on increasing the share of 
renewables in energy generation and transport sectors, carbon capture and storage, 
building climate-resilient infrastructure, agriculture, renewable retrofits in existing 
buildings and creating low carbon jobs [7–10]. Transforming these key sectors of the 
economy will increase the demand for bulk materials such as cement, steel, and 
chemicals. The cement industry has a dual role of supplying building material that 
allows rapid development of climate-resilient infrastructure and simultaneously 
transitioning from a fossil-fuelled and emission-intensive sector to a sustainable net-
zero sector. Cement production consumes 7% of industrial energy and is responsible for 
5 to 8% of global emissions [9,11–13]. Approximately 85 to 90% of cement 
manufacturing emissions stem from the clinkerisation process and fuel combustion 
[11,12]. Therefore, it is essential to focus on these two steps to attain significant carbon 
emission reductions from the sector. 

To decrease the carbon footprint, cement plants in major cement-producing countries 
like China, India, the EU, and the US have been partially substituting clinker with fly 
ash [14–18], blast furnace or steelmaking slag [14,16–19], and other raw material 
alternatives such as municipal solid waste incineration ash [20,21]. Likewise, fossil 
fuels are being substituted with alternative fuels such as waste tyres [4,12,22], refuse-
derived fuel [23], spent solvents [16,23,24], and other combustible industrial waste [24–
26]. However, raw material alternatives such as fly ash are expected to diminish in the 
future [17,27] due to the aggressive decoupling of energy generation systems from 
fossil fuels. All alternative fuels do not necessarily warrant CO2 reduction [9] due to 
their high carbon intensities. To overcome these challenges, alternate low-carbon 
materials and fuels derived from sustained and regenerative resources. Biomass is one 
such promising low-carbon resource that shall be explored. For instance, 90% of 
renewable heat in the industry is derived from biomass [28]. Process heat accounts for 
70-80% of the total energy requirement in cement manufacturing, and this could 
potentially be met using energy derived from biomass. Life cycle costing of certain 
biogenic fuels is economically viable with the increasing economy of scale [29] or 
when environmental factors are considered [30]. Mathioudakis et al. [31] have reported 
significant economic savings when shredded food waste is used as an alternative fuel in 
the cement industry [31].  However, identifying biomass as a low-carbon resource and 
investigating its techno-economic performance in cement manufacturing does not 
necessarily lead to a sustainable transition due to various other underlying factors. 

The low-carbon transition of the cement sector is a complex issue and requires a range 
of techno-economic and socio-political interventions. On the technical front, low-
carbon technologies such as solar kilns, carbon capture and storage (CCS) relevant to 
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cement manufacturing, and alternative binding materials are still at a demonstration 
phase. These limitations, along with technology and financial lock-in of existing cement 
manufacturing facilities, necessitate other viable mitigation avenues for a net-zero 
roadmap. These avenues are multi-faceted and require a multi-perspective 
understanding to facilitate a sustainable transition. Some researchers have employed a 
sociotechnical approach to investigate decarbonising avenues for energy-intensive 
industries like ceramics [32], glass [33], iron and steel [34], crude oil refining [35] and 
cement [36]. Others have investigated the potential of biomass within a specific 
abatement context (e.g., clinker substitution, fuel substitution, carbon capture) [23,37–
41]. However, there is limited literature focusing on interlinkages between technology, 
power dynamics, business, markets, and policies of the biomass-based cement industry. 

This study employs a multi-level perspective approach to investigate the potential of 
biomass as an alternate low-carbon resource for cement manufacturing for four main 
reasons. First, decarbonising the cement industry falls under the category of the Gigaton 
problem [42–44] that requires a sustained supply of a resource that can deliver solutions 
of a similar magnitude, and biomass has that potential. Second, there is a renewed 
interest in the industrial use of biomass-derived products due to the technological 
maturity of the production processes and adoption of such products in other energy and 
emission-intensive sectors such as iron and steel, pulp and paper, and chemicals [45]. 
Third, cement manufacturing and biomass have a shared challenge of low value-to-
weight ratio, making them uneconomical for long-distance logistics [46,47]. Finally, the 
sustainable transition towards a biomass-based industry requires deliberation with new 
entrants, existing cement companies and stakeholders with conflicting interests [48]. 
Thus, this review explores the potential of biomass as an alternative resource for clinker 
and fuel substitution, its role in Bioenergy Carbon Capture Utilisation or Storage, and 
key aspects of the circular bioeconomy business model and identifies policy 
interventions for facilitating a sustainable transition from a fossil-fuel dominated 
cement industry to a biomass-based one. The rest of this article is organised as follows: 
Section 2 describes state-of-the-art cement manufacturing technologies and energy and 
emission scenarios. Section 3 describes the methodology adopted by the study. Section 
4 presents the potential use of biomass in carbon-intensive unit operations of the cement 
manufacturing process and the role of the circular bioeconomy business model in 
accelerating and sustaining biomass diffusion in the cement sector. Building on the 
findings from these sections, Section 5 identifies potential conflicts in the sustainable 
transition of the cement industry from a fossil-based industry to a bio-based industry 
and how the industry could address these challenges with the support of key policy 
interventions. Finally, conclusions and future recommendations are presented in Section 
6.     

2. Cement Industry Background  
2.1 Manufacturing Technologies 
Cement is manufactured by calcination of calcium, silica and alumina sources such as 
limestone, clay and sand [4]. Generally, these raw materials are locally sourced and 
undergo several sequential operations such as quarrying, homogenising of raw meal, 
preheating, calcination, clinkerisation, cooling, grinding, storage and dispatch. Figure 1 
depicts the steps in a typical cement manufacturing process.  
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Fig. 1. Typical Cement Manufacturing Process.  
Source: Based on IEA (2018) Technology Roadmap: Low-carbon transition in the 
cement industry. All rights reserved as modified by [Ravi Teja]. (Emission and energy 
icons are from flaticon.com) 
 
The energy efficiency of cement plants strongly depends on the type of kiln used for 
clinkerisation [49]. Cement kilns have evolved from long wet kilns to state-of-the-art 
dry kilns with a calciner, a 6-stage preheater and a high-efficiency cooler. Biomass can 
be utilised as a fuel in both old wet kilns and modern dry kilns. Table 1 presents the 
distribution of existing kiln technologies across all major cement-producing regions 
globally. It can be observed from Table 1 that many of the kilns are dry processes 
supported by a preheater and a precalciner due to the energy and emission benefits 
associated with dry kilns. It is, therefore, prudent for existing cement plants to explore 
applications of biomass that are compatible with dry kilns.  

Table 1: Percentage of kiln technologies in different regions in 2019 
Region  Dry with  Dry with Dry without Mixed      Semi-wet/ Wet/shaft 
  preheater preheater without kiln type    semi-dry kilns 
  and  without preheater (%)       (%)  (%) 
  precalciner precalciner (%) 
  (%)  (%) 
 
Africa1  90  0  0  10      0  0 
(Egypt,  
Morocco,  
Algeria, and  
Tunisia) 
China2  90  0  0  0     0  10 
Europe1  49  36  4  3     7  2 
India1  93  0  0  7     0  0 
Latin America1 65  22  0  13     0  0 
Middle East2 88  12  0  0     0  0 
North  
America1 65  12  0  20     0  4 
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(Canada &  
USA) 
Northeast  
Asia1  39  0  0  61     0  0 
(Excl. China) 
Southeast  
Asia1  0  0  0  100     0  0 
(Philippines & 
Thailand) 

1 Reference [50]  
2 Reference [26]. Reported for the year 2013 
     

Several low-carbon technologies for cement manufacturing such as material grinding 
technologies [13,17], solar-powered electric furnaces [45], solar rotary kilns [45], solar 
calciners [45], solar furnaces [45] and molten carbonate electrolytic synthesis [45] are 
in various stages of development. Once fully mature, these technologies would require 
neither fossil fuels nor biomass and could eliminate process emissions. However, 
considering the small scale and low technology readiness levels of these technologies 
and the capital lock-in effects of existing cement plants, it would take several years 
before these technologies penetrate enough to make a tangible difference in the net-zero 
transition. In the interim, exploring biomass deployment makes practical sense for rapid 
decarbonisation of the cement sector.  

2.2 Energy and emission scenario of cement industry  
2.2.1 Energy scenario  
In cement manufacturing, process heating accounts for 70-80% of the total energy 
consumption, and electricity accounts for the rest (20-30%). The pyro-processing 
sections (precalciner and kiln) are the most thermal-intensive steps, with temperatures 
reaching 900-950oC and 1350-1400oC in the precalciner and rotary kiln respectively. 
Depending on mineralogical reactions and drying needs, the theoretical minimum 
thermal energy demand for cement production ranges from 1.63 to 1.80 GJ/ ton of 
clinker [16,49,51]. However, this is seldom achieved due to unavoidable technical and 
economic limitations in the process and equipment, heat losses and varying raw 
material composition. The total energy consumption varies from 6 GJ/ton of clinker in 
long wet kilns to less than 3 GJ/ton of clinker in dry kilns equipped with preheaters and 
precalciner [4,25,49]. Table 2 presents the specific thermal energy consumption of 
different pyro-processing technologies. The distribution of electricity consumption 
across critical unit operations is as follows: cement grinding (31-44%), clinker 
production (28-29%), raw material grinding (26%) and fuel grinding [17]. 
 
Table 2. Energy demand of different manufacturing technologies 
Process technology     Specific energy  Reference
       consumption    
       (GJ/ton of clinker) 
Wet process      5.0-6.28  [49,52]  
Semi-dry process     3.3-4.5   [49] 
Shaft kiln      3.7 – 6.60  [4] 
1-stage cyclone pre-heater    4.18   [52] 
2-stage cyclone pre-heater    3.77   [52] 
4-stage cyclone pre-heater    3.55   [52] 
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4-stage cyclone pre-heater + calciner   3.14   [52] 
5-stage pre-heater + calciner + efficient cooler 3.01   [52] 
6-stage pre-heater + calciner + efficient cooler <2.93   [52] 
Theoretical minimum     1.63-1.80  [49,51]  

Source: [4,17,49,51,52]  
 
Currently, coal is the dominant energy carrier in the sector, representing 70% of total 
energy consumption, followed by oil and natural gas at 24%, and biomass and 
alternative fuels at just over 5% [17]. The contribution of biomass and alternatives vary 
widely across different regions depending on policies that provide economic incentives 
to cement plants. This is because these fuels require greater thermal and electric energy 
due to high moisture content, pre-treatment, and excess oxygen levels [2,17,23,53]. Due 
to this, cement plants located in regions without economic incentives have resorted to 
improving energy efficiency measures with conventional fuels. These include 
upgrading kiln technologies [17,22], deploying multi-channel burners [17], upgrading 
clinker coolers [11,17], increasing burnability of raw materials [17] and operating in 
oxygen-enriched kiln conditions [17]. However, measures like adding mineralisers to 
raw materials and kiln and cooler upgrading have a downside of increased electrical 
energy. Further, some cement plants in countries like India operate with the best 
available technologies, limiting the deployment of additional energy efficiency 
measures [51,54].  
 
There will be a considerable asset lock-in effect in the sector, especially in developing 
regions like South and South-East Asia, as most of the production capacity is less than a 
decade old, and the typical lifetime of a cement plant is 40-50 years. To safeguard this 
investment, cement industries may have to deploy carbon capture technologies. 
However, 2OC scenarios developed by IEA forecast that the deployment of carbon 
capture technologies will incur significant thermal and electrical energy penalties on the 
industry by 2050 [17]. In other words, energy gains attained by deploying energy-
efficient technologies cannot compensate for increased energy demand from carbon 
capture technologies. Therefore, it is crucial to investigate whether biomass has the 
potential to address this additional energy penalty challenge.  
 

2.2.2 Emission Scenario 
Emissions from the cement sector originate from four primary sources (refer to Figure 
1):  
 

a) direct non-combustion emissions from calcination and other non-energy use 
b) direct emissions from fossil fuel combustion for heat  
c) indirect emissions from electricity generation and,  
d) indirect emissions from other sources across the value chain [55] 

 
These sources release various pollutants such as CO2, CO, NOx, SO2, Particulate 
Matter, HCl, HF, heavy metals (Hg, Sb, As, Pb, Co, Cr, Cu, Mn, Ni, V, and their 
compounds), and polychlorinated dibenzo-p-dioxins and furans [56]. CO2 and NOx are 
released in significant quantities, and the remaining pollutants are released only in 
smaller proportions. Minor pollutant emissions depend on various factors such as the 
presence of pyritic sulphur in limestone and coal [57,58] and co-processing of 
alternative fuels and biomass in kiln and calciner burners [56,59]. Emission norms exist 
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for most pollutants across major cement-producing countries like China, India, the US, 
and the EU [56–58,60,61]. 
 
The pyro-processing section (step 4 to step 7) comprising of precalciner and kiln, 
generates approximately 80-90% of CO2 emissions. However, studies have reported 
inconsistencies in emissions of CO2 due to simplified and constant emission factors and 
ignoring lower clinker ratios [5,44,62]. The recent Global Carbon Budget addressed 
these uncertainties and started accounting for carbon uptake by cement to provide a 
holistic picture of the global carbon cycle [43]. Cement plants undertake various 
measures to reduce CO2 emissions. These include upgrading to newer kiln technologies, 
clinker substitution, fuel substitution, process optimisation, and recently carbon capture 
and storage. Several studies have reported similar CO2 reduction measures both at the 
sector level [54,63] and the country level such as in Canada [11], China [60,64], the UK 
[65,66], India [51,67], the EU [68] and the US [55].  
 
Although relatively less when compared to CO2, the other two major pollutants from 
cement manufacturing that have received scrutiny from major cement producing 
nations, especially China and India, are NOx and SO2. This can be attributed to rising 
pollution levels in major cities across these two countries. NOx emissions are typically 
higher than those of SO2 and can be classified into Thermal NOx, Fuel NOx and Feed 
NOx [69]. Amongst these, thermal NOx is a major contributor to overall NOx and is 
generated due to high flame temperatures in the kiln and high gas residence time. The 
remaining two forms of NOx are comparatively insignificant and can be mitigated by 
optimising the design of raw meal and fuel composition. Two key technologies to 
mitigate NOx are Selective Catalytic Reduction and Selective Non-catalytic Reduction, 
which require the injection of ammonia (NH3) into the flue gas [56,70,71]. Due to 
increasing stringent norms for NOx in major cement producing nations, progress has 
also been made in developing Low-NOx burners and Low-NOx calciners. Along with 
enabling plant operators to comply with NOx norms, these new technologies address 
undesired NH3 emissions from selective reduction technologies [16,72,73]. 
Interestingly, replacing fossil fuels with biomass-based Solid Recovered Fuel has an 
inherent advantage of reducing NOx emissions due to the release of nitrogen in biomass 
to form NH3, making it an excellent reducing agent for NOx reduction [63,69,74]. 
Studies have also reported a decline in SO2 due to the consumption of biomass-based 
fuels [74]. Pursuing the possibility of replacing fossil fuels with biomass-based fuels in 
cement plants is advantageous, even from an emissions perspective.  

3. Methodology 
The initial scope of the current study was to identify a) potential of biomass and b) 
explore pathways for transitioning towards biomass cement industries. Therefore, the 
methodology adopted in this study involves three stages inspired by [75]; the first stage 
involved identifying, reviewing, and exploring previous studies for gap identification. 
This first stage screening was based on carbon-intensive manufacturing phases such as 
pyro-processing (calcination of limestone) and fuel combustion, which combinedly 
account for significant emissions from the industry. The second stage involved 
categorising literature into thematic areas relevant to the biomass-based cement industry 
transition. More specifically, this phase involved screening extracted literature and 
identifying relevant articles that discuss the potential of biomass as an alternative fuel 
and raw material. Finally, shortlisted articles were critically reviewed and analysed to 
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present practical implications for industry and policymakers. The different stages of the 
methodology and critical steps adopted in this study are depicted in Figure 2.  

 

Fig.2. Overview of Methodology Adopted 

The first stage of the study involved identifying the scope of the study and 
technological options for biomass applications in the industry. To understand the 
technological possibilities, peer-reviewed articles indexed in two scientific databases, 
namely Scopus and Web of Science, were explored from 2006 to 2021. First, screening 
was conducted using search terms such as ‘biomass’, ‘cement industry’ and ‘cement 
manufacturing’. Second, the following inclusion criteria were adopted to screen the 
articles: a) articles should be relevant to industrial operations in the cement industry b) 
articles should be published in English. Screening of articles was conducted based on 
reviewing the title and contents of the abstract. This initial screening revealed three 
prominent thematic areas: biomass as a supplementary cementitious substance, biomass 
as an alternative fuel, and bioenergy with carbon capture and storage. However, there is 
limited literature on the sustainable transition towards biomass. This is a critical 
knowledge gap as the system-level transition of the industry toward a socially and 
technically challenging resource like biomass requires a holistic representation of socio-
technical pathways. Therefore, the objectives of the study include: i) presenting an 
overview of possible avenues for biomass utilisation and its potential in each avenue, 
and ii) identifying policy intervention points to increase the uptake of biomass.  
  
In the second stage, the extraction of articles was further expanded to capture more 
relevant literature using the search terms: ‘sustainability transition’, ‘multi-level 
perspective’, ‘circular bioeconomy’, ‘bioenergy’, ‘carbon capture and storage’ and 
‘carbon capture and utilisation’. Including search terms like ‘sustainability transition’, 
‘multi-level perspective’ and ‘circular bioeconomy’ enabled the identification of 
relevant literature on practical implications such as policy interventions. To capture 
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more literature on practical implications, the snowballing technique was used to select 
relevant articles when they relied on another article to make key arguments. Finally, the 
papers were assessed critically to reveal i) what are the types of biomass and biomass 
waste feedstocks, ii) what are the promising feedstocks and technologies, iii) what are 
the key parameters and technological challenges associated with biomass-derived 
feedstocks, iv) what are the non-technological challenges associated with uptake of 
biomass, and v) identifying key focus areas or intervention points that act as drivers or 
barriers for biomass-based transition. To this end, the methodology adopted by this 
study can be considered critical and largely conceptual [76,77], where emphasis was 
given to transition pathways and intervention areas through the lens of circular 
bioeconomy and multi-level perspective rather than focusing only on recent 
advancements of biomass feedstocks, technologies, and parameters.     

4. Potential for Biomass use in the Cement Industry 
The three prominent technological pathways for deploying biomass and biomass ash in 
the industry are discussed in this section. More specifically, it discusses various 
feedstocks, their operational challenges and opportunities.  

4.1 Potential of Biomass Ash as a Raw Material  
Finding alternative materials for clinker substitution is a key decarbonisation lever in 
cement manufacturing, as clinker production alone is responsible for 50 to 60% of total 
GHG emissions. So far, industrial by-products like blast furnace slag [19,78], coal fly 
ash from thermal power plants [78,79], silica fume [78,80] and pozzolanic glass [78] 
have been used to replace clinker as supplementary cementitious materials. However, 
the availability of coal fly ash, a commonly used cementitious material, is expected to 
decrease significantly in the future due to decommissioning of several coal-fired power 
plants [27]. Ash generated from the combustion of biogenic materials is known to have 
pozzolanic properties and has the potential to be an alternate raw meal and 
supplementary cementitious materials [38,80]. The different sources of biomass ash 
include forest wood, demolition wood, straw, sewage sludge, paper sludge, manure, and 
agriculture residue [81]. The environmental benefits offered by biomass ash have 
garnered keen research interest from scholars investigating biogenic supplementary 
cementitious materials (SCMs). For instance, Teixeira et al. [38] conducted a 
comparative life-cycle analysis of biomass-based ash and coal fly ash and found that 
replacing 60% of concrete with biomass flyash provides the best environmental 
performance [38]. Another study conducted by the same author on developing low-
carbon concrete using eucalyptus biomass ash and silica fume found that paving blocks 
made from these materials have performed similarly to those made from Portland 
cement clinker [80]. Although complete replacement of Portland cement is 
demonstrated in this case, several studies have concluded that SCMs cannot be a 
complete alternative to Portland cement due to the diverse physio-chemical 
characteristics of ash. For instance, Khalil et al. [82] investigated the possibility of 
completely replacing Ordinary Portland Cement with biomass fly ash derived from 
agricultural waste and coal fly ash [82]. The study revealed that the compressive 
strength reaches a maximum at 15 to 20% of substitution with biomass fly ash, beyond 
which the strength decreases with biomass fly ash addition [82]. Studies investigating 
the performance of biomass fly ash based SCM reported increased water demand [83] 
and high setting time [82]. Similar findings were echoed by Manuel Cabrera et al. [84] 
during an investigation of the feasibility of using biomass bottom ash as an SCM [84]. 
Nevertheless, with substitution rates ranging from 3 to 80%, biomass fly ash is reported 
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to be complying with various standards formulated by different countries [80]. 
However, the optimum substitution rate and long-term durability of various biomass-
based SCMs need to be investigated further [78].    
 
While the literature on biomass-based SCMs continues to evolve, cement industries 
along with relevant stakeholders need to leverage this knowledge base by swiftly 
realigning their operational practices. The amount of biomass-based ash that can be 
used for clinker substituted, properties of admixed cement and concrete depends largely 
on the chemical composition (unburnt carbon, chloride, Loss of Ignition (LOI) and 
silica contents) and size distribution of the ash. While the presence of unburnt carbon 
and LOI in the ash could significantly affect concrete properties such as workability, 
setting and mechanical strength [39], coarser/varying particle size distribution affects 
the grindability of biomass-based ash, which in turn affects the quality of cement and 
leads to higher energy consumption in the cement grinding units. Chloride in cement is 
known to be detrimental to the strength and durability of concrete structures. The 
European Standard for properties of fly ash for use as an additive for the production of 
concrete, EN 450-1 [85] suggests the limits of 9.0 wt% (max), 25 wt% (min) and 0.1 
wt% (max) for LOI at 550oC, reactive silica content and chloride content respectively.  
 
The particle size distribution of biomass-based ash can be adjusted by 
redesigning/adjusting the operation of physical separation units such as classifiers or 
installing pre-processing technologies for biomass-based ash [86]. Unburnt carbon, LOI 
and size distribution of ash depend primarily on the combustion technology (e.g., fixed 
bed vs fluidized bed) from which ash is generated. Usually, fluidized bed combustion 
results in lower unburnt carbon and LOI in both biomass fly ash (BFA) and biomass 
bottom ash (BBA) compared to fixed bed combustion. BFA refers to the fine particles 
of ash that are carried away in flue gas and collected using filters in the flue gas 
treatment system, while BBA refers to the coarse ash collected from the bottom of the 
furnace. Cruz et al. [87] analysed 77 BFA and BBA samples from industrial biomass 
combustion facilities and reported that the median values of LOI in BFA from fluidized 
bed and fixed bed combustors were 1.4 wt% and 3.8 wt% respectively and those in 
BBA from fluidized bed and fixed bed combustors were 0.5 wt% and 6.8 wt% 
respectively [87]. This indicates that both BFA and BBA from fluidized bed 
combustors are more suited for blending with cement as an SCM due to lower LOI 
content if other quality parameters such as chloride and silica contents are met. Biomass 
ashes of herbaceous and agricultural origin are known to contain chloride content 
beyond the acceptable limits. Careful consideration must therefore be given to the 
source of biomass ash. Cruz et al. [87] have reported the suitability of various types of 
biomass ash and their limiting factors in preparing cementitious material [87].  This is 
presented pictorially in Figure 3. These limiting factors should also be considered for 
the selection of solid biomass fuels for co-firing in the pyro-processing section as the 
ash generated in the cement kiln gets absorbed in the clinker.  
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Fig. 3. Variables and limiting factors of biomass ashes  
Source: Reused with permission from [87] 

Tosti et al. [88] concluded that despite the technical challenges posed, utilisation of 
biomass ash in cement or construction material is an ideal pathway rather than using it 
for soil amendment or remediation, given the regulatory criteria for biomass ash [88]. 
However, utilisation of biomass ash as an SCM is limited by complex constraints in 
several nations. IEA Bioenergy 2018 [81] reported that the ash utilisation from 
biomass-based power plants in US and the EU is constrained due to the non-availability 
of economic evaluation for different utilisation pathways, absence of publicly available 
information on biomass ash amounts and chemistry, stringent transport regulations on 
biomass ash, and complex waste management legislations and blended cement 
compliance requirements [81]. Perhaps the case of AshNet in Canada which combines 
national/ provincial statistics on biomass ash generation and ash chemistry [81,89,90] 
can be replicated across other countries for efficient management of biomass ash. 
National databases like AshNet when combined with data from other major biomass ash 
sources such as agricultural residue and sewage sludge can become an efficient ash 
management platform. This is particularly relevant for countries aiming to enhance bio-
based power generation [87,91,92] and even more relevant for developing nations like 
India and other South-East Asian countries [93–95].  
 
It is estimated that more than 2 Giga tonnes of agricultural residue is either dumped in 
landfills or burnt outside by households and farmers of developing nations [93]. For 
example, major cities like Delhi and Northern states in India have been reporting 
hazardous air quality levels during harvest season due to rampant stubble burning by 
farmers in neighbouring states, so much so that 5,963 fires were reported in a single day 



Renewable and Sustainable Energy Reviews 

13 
 

in 2019 [93]. The same year the country reported an increase in crop-related emissions 
by 12.8%, making it the largest contributor to cropland emissions [96]. India is the 
second largest agro-based economy and the second largest cement producer globally, 
with a huge potential for both sectors to complement each other in terms of energy and 
material transfer from the agricultural sector to the cement sector. However, policies to 
enable this in India have been unsuccessful so far, mainly due to differences in 
technical and socio-economic aspirations of diverse actors such as farmers, cement 
manufacturers, and regulatory bodies [94,95]. These complex challenges cannot be 
addressed by deploying tailored policies but require a combination of intervention 
points which have been discussed in Section 5.  
 
4.2 Potential of Biomass as a Fuel  
The kiln and calciner burners account for the entirety of thermal energy demand in 
cement plants, with 40% of the thermal energy demand coming from kiln burners while 
the rest 60% coming from calciner burners [25]. Studies have reported that a substantial 
portion (up to 100%) of the energy requirement in the calciner burners can be met with 
alternative fuels such as refuse derived fuel and hazardous industrial waste [17,25]. 
Biomass up to 20% (i.e., 20% thermal substitution rate (TSR)) can be used in calciner 
burners without major capital investments [25]. Retrofits in kiln and calciner burners 
are also easy to add due to their modular nature. However, co-firing solid biomass along 
with fossil and other fuels has been the most preferred mode as it is less capital 
intensive. Despite this, only 2% to 5% TSR is achieved through biomass [17,25].  

Increasing the TSR of biomass-based fuels is technically challenging due to complex 
chemical kinetics and non-homogeneity in physical and chemical characteristics such as 
particle size, moisture, and ash contents [69,72]. These technical challenges require 
conducting pilot-scale or plant scale studies with varying TSR to develop standard 
operating procedures with proper process diagnostics. However, these approaches are 
time-consuming and expensive [72] due to which several studies have resorted to 
developing mathematical models (e.g. two-dimensional models) [25,72,97] to 
understand the complex thermo-chemical combustion processes. Several studies have 
investigated combustion dynamics in kiln [98,99] and calciner [72,97,99] that deal with 
various aspects such as co-firing [100,101], CCS [102], and the impact of combustion 
on clinker [101,103] using the Computational Fluid Dynamics modeling approach. 
Studies pertaining to co-firing with biomass are of particular interest as the findings 
revealed that biomass-based fuels provides environmental benefits to cement plants. 
However, the use of biomass also poses significant challenges, such as the need to 
ensure complete combustion of char particles to avoid disturbances in the preheating 
system [104]. Introducing a value chain encompassing supply and demand aspects can 
help strengthen the biomass-based industry network. Unlike waste-derived fuels that 
have heterogenous physio-chemical properties across spatial and temporal scales, 
biofuel properties can be homogenised with adequate pre-processing. Additionally, 
biomass can be a potential contender with other alternative fuels for the following 
reasons  
 

i) Cement plants will have to depend on biogenic fuels to decarbonise their 
thermal energy completely [105].  



Renewable and Sustainable Energy Reviews 

14 
 

ii) Unlike the EU, biogenic fuels will be crucial in developing countries like 
China and India due to inadequate waste segregation policies resulting in 
low availability of waste-derived fuels [105]. 

 
Raw biomass needs to be pre-processed or upgraded for consumption in the burners. 
The key technologies available for the upgradation of biomass and the final product are 
shown in Figure 4. Some major biomass feedstocks include meat and bone meal 
[16,25,97,106,107], woodchips [106,108,109], forest residue [26,106], sewage sludge 
[16,26,107,110–112], and agricultural residues (e.g. rice husk, wheat straw, coffee 
husk, bagasse, saw dust, coconut husks, palm nut shells, corn stover) [24,25,113].  

 
Fig. 4. Biomass upgrading technologies 
Source: Created by author based on [114–130] 

Diversification of feedstock can enable sustained TSR. However, feedstock selection 
should be based on the availability of biomass, the specific energy requirement of 
burners (>14.0 MJ/kg for kiln and >8.0 MJ/kg for calciner), and physical (e.g. moisture, 
size distribution) and chemical (e.g. volatile matter, ash content) characteristics [25] of 
biomass. In addition to these, fuel selection should adhere to requirements such as 
maintaining chlorine content below 0.2%, sulphur content below 2.5%, polychlorinated 
biphenyl content below 50ppm, and heavy metals concentration below 2500 ppm [25]. 
While these physio-chemical characteristics provide initial criteria for fuel quality 
management, it is equally important to understand the combustion behaviour of biomass 
while co-firing with fossil or alternate fuels. Some key challenges associated with 
biomass combustion in kiln and calciner burners are wearing and material build-up on 
refractory linings [131], maintaining flame shape [2,25,132] and temperature profile 
[4,132], fuel burnout [2,132], and maintaining particle or combustion velocity 
[9,25,52,97]. Practitioners from the cement industry may envisage the capabilities of 
modelling tools discussed above to overcome these challenges.  
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4.3 Biomass and Carbon Capture 
Carbon capture will play a vital role in the long-term low-carbon transition of the 
cement industry, in conjunction with widespread deployment of renewable energy for 
cement manufacturing and alternative materials for clinker substitution. CCS is 
considered a mature technology due to its high technology readiness level [133]. 
However, it is not a one-size-fits-all technology across all industrial processes due to  
varied physical and chemical properties, varied gas compositions and flow rates, and 
diverse production processes [40,134]. Moreover, the deployment of carbon capture 
technologies incurs economic penalties due to increased overall energy demand and 
uncertainty on the availability of storage capacities in some regions. For example, in the 
oil & gas industry, enhanced oil recovery (EOR) by injecting CO2 is considered a 
techno-economically viable CCS pathway in the short term for storage of CO2 captured 
from process industries like cement. However, EOR capacity is not adequately 
distributed across all regions. The Asia Pacific region needs to sequester/store 
approximately 60 Gt CO2e of emissions while it possesses only 5-6 Gt CO2e of CO2-
EOR capacity, whereas the Middle East and Africa need to store only 10 Gt CO2e of 
emissions but the regions possess the highest CO2-EOR capacity in the world [133]. As 
countries across Asia, especially South and South-East Asia continue to expand their 
cement manufacturing capacities, the lack of adequate CCS storage avenues will 
become a bottleneck in the rapid deployment of carbon-capturing technologies in these 
nations.  

To address these bottlenecks and improve the cost-effectiveness of captured CO2, other 
pathways like Carbon Capture Utilisation and Storage (CCUS) are being explored 
across several regions. However, this approach is yet to adequately address challenges 
such as the short lifetime of the stored CO2 [134], and CO2 emissions exceeding the 
manufacturing rate of  CO2 based products [133,134]. When comparing the life cycle 
environmental impacts of CCS and CCUS, mostly for power plants, Cuellar-Franca et 
al. [134] have reported that CCS pathways performed relatively better than CCUS 
pathways [134]. The externalities associated with CCS and CCUS pathways might slow 
down the rapid deployment of carbon capture technologies, thereby hindering the low-
carbon transition of the industry. In case the prospects of CCS or CCUS are slowed 
down, deploying biomass alongside these pathways through Bio-energy Carbon 
Capture and Storage (BECCS) could augment the delay in emissions reductions. 

Irrespective of the pathway, cement plants will seek technologies that do not impose 
additional penalties on the existing manufacturing process and/or require significant 
changes in the plant layout. Unlike in power generation, pre-combustion carbon capture 
(that involves converting a carbon-rich fuel such as coal into a carbon-lean based such 
as syngas and capturing the CO2 generated during the conversion process before 
combustion of the converted fuel) is considered ineffective in the cement industry 
mainly due to inherent CO2 generation from the calcination process [40,135]. This 
limitation of the calcination process makes the cement industry best suited for calcium 
looping (CaL) capture due to its minimal effects on product quality [40,41,136]. 
However, CaL imposes significant energy penalties for both integrated and tail-end CaL 
configurations in the range of 4.7 to 5.4 MJLHV/kgclinker and 7.1 to 8.7 MJLHV/kgclinker 
respectively compared to a baseline cement plant with an energy intensity of 3.2 
MJLHV/kgclinker [137,138]. Yang et al. [41] compared various CCS and BECCS (at 50% 
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TSR of biomass) options for the cement industry in which BECCS based CaL (both 
integrated and tail-end configurations) had the highest emission reduction potential with 
resultant CO2 intensities as low as 0.06 t CO2/ ton of cement with the cost of CO2 
capture (or avoidance) at ~52 euros/ t CO2 being the lowest amongst all considered 
BECCS options [41].  

While CaL is considered a promising technology, it is still at the pilot scale 
(Technology Readiness Level 6) [40] and its widespread availability in the cement 
industry will take another 10 to 15 years [139]. Hills et al. [139] also reported that CCS 
technologies that are best suited for the cement industry, such as amine scrubbing, 
calcium looping, full and partial oxy-fuel, and direct capture require at least 10-15 years 
for market penetration [139]. In the meantime, considering the slow CCS adoption and 
low utilisation rates of biomass, it is prudent for the cement sector to enhance its TSR 
with biomass. A similar pathway is recommended by Mandova et al. [140] for the iron 
and steel sector in Europe [140]. Detailed comparative analyses on different capturing 
technologies for the cement industry are discussed by [40,135,136,139], CCS retrofit 
criteria for cement plants by [60] and optimising plant shutdowns for CCS retrofits by 
[141].  
 
Most of the studies, except Bui et al. [40] have not covered the social implications of 
BECCS at length. The intricacies of social challenges surrounding BECCS are 
complex, spatially varied, site-specific and may depend on the magnitude of BECCS 
deployment. Donnison et al. [142] reported that the value of social welfare that BECCS 
based power plants provide for a region decreased when the capacity of the plants was 
increased from 500 MW to 1 GW [142]. This indicates that developing bio-hubs for 
large scale deployment of BECCS may impose additional social costs, especially in 
regions or provinces that have cement plant clusters.  

Considering the current scenario of low TSR from biomass-based fuels, cement 
industries should initially focus on enhancing TSR, at least up to 45% LHV [41] where 
the deployment of BECCS with the aid of CaL becomes an economically viable option. 
This requires developing resilient biomass supply chains and bio-hubs that are in 
congruence with the demands and aspirations of the local population. Apart from 
developing dedicated energy crops or forest wood residue, agricultural residue can also 
be a key feedstock for cement plants, which may address the challenges of crop burning 
discussed in Section 4.1. Valorising biomass or biomass waste should, however, be 
supported with technical and economic assessments and effective resource management 
pathways.  
 
4.4 Circular Bioeconomy (CBE) and the Cement Industry  
The ability to of the cement industry to assimilate wastes from varied sources led to 
several investigations into the role of the industry in the circular economy (CE) [143–
146]. While the concept of the circular economy itself remains contested [147,148], CE 
focuses on closing energy and material loops with limited inclusion of social or 
sustainability dimensions [147,149–151], which are an inalienable component when 
transitioning to a biomass-based industry. On the other hand, bioeconomy (BE) is 
centred around technical, policy, strategy, and legislative aspects of biomass centric 
sectors such as food and forestry, textiles, paper and pulp, biorefineries, biofuels, 
biomaterials [152] and has seen limited application in the cement industry. Further, 
aggressive propagation of BE may not deliver the desired environmental benefits if it is 
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not managed sustainably [151]. Therefore, a sustainable approach like CBE, which is at 
the intersection of CE and BE, may be envisaged to initiate the transition. The present 
study duly acknowledges the not-fully-developed state of CBE [148] and does not 
advocate its superiority over CE or BE; instead, it adapts the lens of CBE for three 
context-specific reasons:  
a) biomass-based cement industry cannot rely on CE or BE alone,  
b) adopting CBE from the beginning can emulate the synergy of CE and BE, thereby 
avoiding lock-in effects [153], and  
c) foreseeing potential tensions (e.g., waste categorisation, social cost, conflicting 
policy mixes) and apprising it to relevant stakeholders [152–154].  

Adopting CBE in the cement sector requires changing existing business models. 
Currently, cement industry business models are predominantly aligned toward 
increasing supply of cement to increase the business and economic performance of 
cement plants. In contrast, CBE advocates resource sufficiency and efficiency through 
cascading use of biomass. Bulk materials like bio-based cement or biofuels have low 
value-to-weight ratio (refer Fig. 5) which makes them economically unattractive when 
compared to other high valued products like pharmaceutical and fine chemicals. To 
increase the uptake of biomass, cement manufacturing units should first strengthen the 
supply of biomass feedstocks and wastes to assist in yearly, monthly, and daily 
production planning. Partnering with suppliers to build regional bio-hub clusters is 
essential for continuous biomass sourcing. Three CBE aspects that can address this 
requirement are key resources, key partnerships, and channels. For example, the 
‘channels’ aspect advocates setting up ideal logistics systems and reduce dependence on 
external stakeholders. Abriyantoro et al. [155] compared the economic performance of 
sourcing biomass from specialised biomass suppliers and cement distribution trucks for 
a cement industry in Indonesia. Despite uncertainties of additional on-site storage and 
handling equipment, the overall logistics was 11.5% less when biomass was sourced 
from both suppliers and distribution trucks (hybrid scenario) rather than relying entirely 
on specialised suppliers. This clearly indicates that cement sector can play a crucial role 
in establishing value chains without heavy reliance on external stakeholders, especially 
in biomass-rich developing nations. It is forecasted that these countries will generate 
large volumes of agricultural residue. Therefore, it is essential to prioritise key 
resources, key partnerships, and channels as they enable the identification of locally 
available biomass feedstocks, integration or development of new value chains and 
partnerships, and streamlining logistic systems.  
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Fig. 5. Value pyramid of biomass waste. Reproduced with permission from [156]  
 
Unlike biomass for energy and fuels, SCMs of biogenic origin (bulk chemicals and 
materials – refer Figure 5) offer more value and multiple benefits such as, i) long-term 
carbon sequestration by remaining in building stock for decades, ii) reducing clinker-to-
cement ratio, thereby reducing emissions from calcination and, iii) contributing to 
biomass waste management. Therefore, cement industries can invest in research and 
development towards developing environment friendly SCMs or eco-construction 
materials from locally available biomass sources. The key aspects of CBE that support 
these aspirations are key activities, value proposition and cost structure (refer Table 3). 
Once biobased SCMs are developed, scaling up their production and increasing market 
penetration will be a challenge. As the eco-construction sector is a predominantly 
‘technology-push’ industry, start-ups in this category find it difficult to secure venture 
capital funding [157]. Due to the promising prospects of eco-construction in CBE 
[158,159], perhaps existing cement companies can simultaneously play the role of 
transition intermediaries [160] by funding these start-ups. Providing financial assistance 
to new entrants have some major benefits such as, i) diversifying the product portfolio 
of existing cement companies ii) integrating novel biobased cements into existing 
manufacturing, business and customer base, and iii) reducing business conflicts 
between start-ups and established companies. The three relevant CBE aspects that can 
help in this transition are customer segments, customer relationships and revenue 
streams (refer Table 3).  
 
Table 3. Key Aspects of CBE for biomass-based cement industry 
Aspect   Cement Industry     Priority 
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Key Resources • Technological advancement of combustion,  High 
   grinding, and carbon capture equipment  

  • Identifying biomass feedstocks 
   • Capital investment 
   • Augmentation of infrastructure     
   and pre-processing facilities 
 
Key Partnerships • Establishing partnerships for collaboration   High 
   (within the market) 

  • Government support to propose regulations 
  for environmentally sound products 

   • Establishing reliable and resilient value chains  
   • Establishing partnerships with research    
   institutions  

   • Establishing direct channels with customers   
   and key stakeholders for considering their    
   opinions and needs 
 
Channels  • Setting ideal logistic systems    High 

   • Reducing/mitigating dependence on external   
   stakeholders 

 
Key Activities  • Research and innovation     Medium 

   • Biomaterial and biowaste collection  
   • Practising an open culture  
   • Seeking auto sufficiency  

   • Value recovery activities 
 
Value Proposition • Upcycling       Medium 

   • Creating the most value for biomass ash 
   • Paying attention to customers’ needs 

   • Co-creating with key-partners 
 
Cost Structure  • Contribute to increasing local gross domestic  Medium
   product  

   • Optimising logistics cost  
   • Creating competitive advantage and/or    
   additional income for key partners 
 
Customer Segments • Creating/developing new markets    Low 
   • Developing/finding customer segments  
   • Seeking partnerships 
 
Customer  • Pursuing ecolabels      Low 
Relationships  • Raising awareness on bio-based cement 
   • Building customer base 
 
Revenue Streams • Decouple revenue streams from cement   Low 
   manufacturing and venture into recycling or    
   other circular activities 
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   • Benefitting from governmental subsidies  
   • Low-cost pricing        

Source: Created by the author based on [154] 
 
In conclusion, this study categorises key aspects of CBE business models identified by 
Salvador et al. [154] into high, medium, and low priorities based on the reviewed 
literature in the previous sections and their relevance in short, medium and long terms 
respectively. The prioritised aspects of CBE shall aid cement companies in identifying 
and setting up agreements for continuous sourcing of biomass, product development, 
cooperation with stakeholders across the value chain, cascading the use of biomass, 
addressing seasonality of biomass, and identifying conflicting policies. However, CBE 
alone cannot lead to sustainable transition of the cement sector as it requires perfect 
foresight, synchronous cooperation across value chain actors and analysis of impending 
social costs [154,156]. Resolving these challenges requires steering mechanisms in the 
form of policies or policy interventions. Therefore, this study examines policy 
intervention points to enable transformational change at the sector level.  

5. Sustainable Transition Pathways for the Cement Industry 
Sustainable transition towards a biomass-based industry needs an approach spread 
across multiple levels, viz. at niche (new entrants or start-ups), regime (existing cement 
companies) and landscape levels (external factors like wars or other crises, international 
coalitions and common goals like sustainable development goals). This multi-level 
transition approach addresses potential conflicts between incumbents and niche actors, 
inclusivity of gender and marginalised communities [161,162], skill development [161], 
regime change (reconfiguring existing cement systems) and landscape pressures. The 
cement industry, being a key segment in the construction sector is highly conservative 
and decentralised [163]. The sector is also notorious for forming cartels that 
significantly undermine the economic performance of new entrants [164–167]. Thus, 
cement industry itself can pose a significant barrier in the transition due to its 
conflicting business and economic aspirations. Karttunen et al. [168] found that niche 
actors were involved in the development of environment-friendly cement products 
whereas incumbents were focused on environmental process innovations [168]. A 
detailed list of drivers and barriers faced by new entrants and incumbents is presented in 
Table 4.  

Table 4. Comparison of New Entrants and Incumbents 

  New Entrants     Incumbents 
Enablers • Internal drivers are reflected in   • Reflected in aim, mission  
  companies’ mission, vision, strategy,   vision 
  and values      • Address social, economic, and 
  • HR management encourages    environmental challenges at 
  sustainable thinking    the global level to support the UN 

  • Active discussion in the industry and   Sustainable Development Goals 
  education of companies    • Strengthen contribution to 
  • Pressure from regulations and policies   sustainable construction and drive 
  • Cooperation with side stream-generating  forward innovation 
  companies     • Solve societal challenges  

  • Cooperation with research institutes  focusing on climate protection 
        • Sustainability commitments, 
        responsibility, and organisation 
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        • Environmental regulation  
        • Cost-efficiency of process 
        innovations 
        • Process-enhancement   
        capabilities 
 
Barriers  • Lack of cost savings related to product  • Feasibility of new products and 
  innovations     CCS with current technology 
  • High cost of the product   development stage 

  • Inefficient implementation of policies   • Securing the supply of raw  
  e.g., Emission Trading System   materials and conserving resources 
  • Long and complicated certification process  • Majority of the existing customer  

  • Difficulty in market expansion   base prefers standardised products 
        competitive prices 
        • Majority of existing customer  
        base prefers standardised  
        products with competitive prices 
        • Additional costs of product 
        innovations cannot transfer to  
        prices 
        • Existing production sites optimal 
        for traditional cement 
        • Size of side streams hampers  
        scale benefits 
        • Products certification 
        • Customer acceptance of new  
        products 

Source: Reproduced with permission from [168]  
 

In addition to the barriers presented in Table 4, niche actors in the eco-construction 
sector find it difficult to secure capital funding [157]. These challenges make the 
economic viability of new entrants untenable despite their strong environmental values. 
On the other hand, incumbents are challenged by difficulties in sourcing raw materials 
for environment-friendly products, varying customer preferences, cost sensitivity, lock-
in effect of existing manufacturing processes and uncertainty in market acceptance of 
new products [168]. Additional transition tensions arise in the form of competition for 
biomass from other sectors. Deploying biomass and enabling a sustainable transition 
requires more than a single policy or a combination of policy instruments (policy mix) 
due to the multi-dimensionality of biomass-based systems. To facilitate a multi-level 
transformative change in the cement industry, the policy intervention points proposed 
by Kanger et al. [77] are applied to the cement industry. These are presented in Table 5 
and elaborated in the following sections.  

Table 5. Policy intervention points for the biomass-based cement industry 
Intervention  Relevance to the biomass-based cement industry 
Point 
Stimulate  • Provide appropriate regulatory or market stimulus to initiate 
biomass  various forms of biofuels manufacturing firms (solid, liquid, 
niches   and gaseous) as cement kilns can accommodate a broad  
   portfolio of biofuels. 
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    • Removing regulatory barriers on biomass ash classification 
    and transportation of ash [81].  
    • Conduct economic evaluation for different utilisation  
    pathways of biomass ash [81]. 
   • Identify and deploy required infrastructure for carbon capture 
   and storage. 
 
Accelerate  • Establishing regional or national knowledge centres like 
biomass  AshNet [90]. 
niches   • Assisting new entrants that have bio-based products in  
    market expansion [168]. 
    • Reducing the time required for bio-based cement product  
    certification [168].  
    • Promoting 3D construction of biogenic binders 
    • Establish innovation accelerator hubs like European  
    Innovation Council across major cement manufacturing  
    regions [157].  
    • Utilise the procurement power of governments to advocate 
    the utilisation of bio-based cement [169–171]. 
 
Destabilise  • Imposing carbon tax or deploying emission trading for  
 incumbent   carbon-intensive regime product class [168].  
 regime   • Taking advantage of the procurement authority of   
    governments. 
    • Removing subsidies for carbon-intensive alternative fuels  
    • Involving incumbents and niche actors in policy advisory  
    councils. For example, Toothikudi is a successful example that 
    can share/ advocate their learning to incumbents [172]. 
 
Address the  • Conduct regional or local studies on social costs associated 
 broader  with bioenergy crops and BECCS deployment.  
 repercussions  • Identify and address conflicts with land use and resource  
    demand 
    • Reskill existing personnel in both manufacturing (e.g.,  
    biobased SCMs) and construction (3D printing) segments. 
 
Provide  • Identify regions suitable for establishing mutually beneficial 
 coordination  bio hubs (e.g., Cement industry & transport) 
 to multi-  • Additional income through carbon offset mechanisms 
 regime   • Ensure sustainable land use management, soil health and  
 interaction  productivity policies [28]. 
 
Tilt the   • Introducing universal carbon tax per unit of cement  
 landscape  production across all regions in the world 
    • Enforcing producers to align their climate mitigation targets 
    to Conference of the Parties  

Source: Created by author based on [77]. 



Renewable and Sustainable Energy Reviews 

23 
 

5.1 Stimulate biomass niches  
The purpose of stimulating niches is to ensure multiple alternatives for system 
transition. The alternatives identified for the biomass-based cement industry are fuel 
substitution with biomass, clinker substitution with biomass ash and BECCS. Up to 
20% TSR with biomass is possible without any major capital investments; however, 
only 2 to 5% TSR is achieved due to challenges in sourcing and seasonality. The 
utilisation of biomass ash as a clinker supplement is also constrained due to 
inappropriate classification of biomass ash, stringent waste transport norms and non-
availability of economic evaluations on biomass ash utilisation [81]. Further, the 
deployment of BECCS will be constrained by a lack of storage capacity or uneconomic 
transport infrastructure [133]. To stimulate these alternative pathways, policies should 
focus on providing regulatory support that attracts niches involved in biofuel production 
(solid, liquid, and gaseous), biomass ash management, and BECCS technology 
providers and associated infrastructure. Focusing on these three niches simultaneously 
will provide multiple alternatives for low-carbon transition; at the same time, these 
niches get enough time to mature for a particular geographical location. For example, 
the UK industrial decarbonisation strategy has identified suitable industrial clusters and 
proposed multiple alternatives like switching to hydrogen fuel and CCUS [173]. The 
study found that cement industries in the UK are dispersed from CO2 transport and 
storage points, making CCUS/ BECCS unviable in the current scenario. In the 
meantime, while pipelines and other CCUS infrastructure are developed, the study 
recommends innovations in SCMs and improving energy efficiency [173].  

5.2 Accelerate biomass niches 
Accelerating niches involves scaling up of single niche and aligning it with other niches 
as some niches may not mature due to constraints. This is evident from UK’s industrial 
decarbonisation strategy where the CCUS pathway is not viable for the cement sector 
[173]. In similar scenarios, governments should propagate alternatives like switching to 
biofuels and cements derived from biomass ash. This is particularly suited for regions 
(e.g., Asian countries) with abundant biomass but inadequate CO2 storage capacity that 
can promote the utilisation of such biomass feedstocks in cement manufacturing or the 
generation of biofuels and implement robust biomass ash management principles. This 
can be accelerated by establishing regional or local knowledge centres that provide 
information on biomass waste and ash generation and their chemical characteristics 
[90]. Governments can also establish innovation accelerator hubs [157] that utilise the 
information from knowledge centres to develop new products and advocate the 
utilisation of bio-based cement through its procurement power as government 
infrastructure projects are some of the largest cement consumers [169–171]. On the 
contrary, these options may not be suitable for regions such as the Middle East due to 
low biomass availability and competition with other resources like water. For such 
regions, it is prudent to accelerate the deployment of CO2-EOR and associated CO2 
transport infrastructure [133].     

5.3 Destabilise existing cement manufacturing regime 
While innovation accelerator hubs develop bio-based cementitious products and fuels, 
these innovations cannot penetrate the market due to resistance from incumbents. Eco-
friendly cement products also typically have a higher cost. The incumbent regime will 
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also resist the implementation of CCS technologies due to significant energy penalties 
on cement plants. Resistance from the incumbent regime will decelerate the transition, 
and therefore, it is essential to weaken the position of this regime. Governments should 
introduce a carbon tax and emission trading on carbon-intensive cement products to 
make eco-friendly products economically competitive. Governments should also 
remove economic incentives provided to carbon-rich alternative fuels like waste tires. 
However, these financial penalties may trigger aggressive lobbying from the cement 
sector, as is evident in the case of Mexico where severe resistance and lobbying from 
the affected industries led to the formulation of an ineffective carbon tax and emission 
trading [174]. In the event of such resistance, governments may consider involving both 
incumbents and niche actors in policy advisory councils to debate conflicting interests 
and explore possible shared opportunities. Incumbents can also partner with niches to 
demonstrate eco-friendly technologies. For example, Tuticorin Alkali Chemicals 
partnered with Carbon Clean in 2017 to establish a CCUS facility to produce soda ash 
without any financial aid from the government [172].  

5.4 Address the broader repercussions of destabilising existing regime 
Reconfiguring existing carbon-intensive cement manufacturing systems into low-
carbon biobased systems will have societal implications [40,175]. Decoupling from 
fossil fuels is likely to create resentment amongst the workforce involved in coal 
mining or oil and gas sectors as these fuels meet the current energy requirement. 
Bioenergy expansion also faces interconnected challenges with land requirement, food 
supply and water resources [175]. To avoid such conflicts, it is vital to conduct 
feasibility studies that evaluate the social costs of promoting bioenergy or BECCS on a 
case-by-case basis or regional basis. Donnison et al. [142] reported varying social 
welfare benefits for BECCS power plants based on their capacity demonstrating the 
requirement of case-specific or region-specific social cost analysis [142]. 
Simultaneously, policies promoting wasteland utilisation for bioenergy [176] shall be 
explored as it does not compete with agricultural land or food production. Further, the 
workforce involved in fossil fuel sectors should be gradually reskilled to the bioenergy 
sector and biomass ash management services. 

5.5 Consilience to multi-regime interaction 
While addressing the repercussions of system reconfiguration will avoid potential 
conflicts, unwanted reinforcing development of multiple systems will change the 
transition pathway. For instance, promoting biofuels in a region has the potential to 
interact with both transportation systems and industrial systems which creates a 
continuous demand for biofuels from both systems. In return, it will create an avenue 
for the development of the biofuel value chain across multiple sectors in the region. 
This is especially relevant to developing nations with adequate biomass as 
electrification of the transport fleet is still in early stages. Similarly, establishing waste 
management systems to handle agricultural waste residue, forest wood waste residue 
and biomass ash through a circular bioeconomy creates avenues for biomass sourcing 
not only for the cement industry but also for other applications, as detailed in Fig. 5. 

5.6 Tilting the landscape of the current cement ecosystem 
Landscape pressures like financial crisis, oil crisis, climate change and pandemics 
[177–179] can confront undesired resistance from the incumbent regime and develop a 
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conducive environment to accelerate niches. These pressures can be ‘enforced 
pressures’ through participating in national or international negotiations such as Climate 
Accords and UN Sustainable Development Goals or ‘voluntary pressures’ through 
programs like Carbon Disclosure Project where both incumbents and niche actors 
internalise these pressures. However, a closer look at the Internal Carbon Pricing of 
major cement companies in India revealed that these companies have resorted to a 
shadow price rather than adopting a carbon price that is aligned with climate accord 
[180]. To counteract greenwashing practices of the incumbent regime, governments 
should introduce national or international binding agreements to change the direction of 
the transition pathways from unsustainable to sustainable.  

6. Conclusion 
There is an urgent need for a low-carbon regenerative resource for cement 
manufacturing that is compatible with manufacturing technologies and compensates for 
asset lock-in. This study reviewed the potential of biomass in the two most emission-
intensive processes in cement manufacturing, precalcining and clinker production 
which account for ~90% of total emissions. The review found that 20 to 30% of fossil 
fuels can be replaced with biofuels without any significant capital investments. This can 
be further enhanced through pre-processing of biomass and process optimisation. 
Several studies have indicated that clinker substitution with biomass ash is reported to 
be in the range of 3 to 80%. However, optimum substitution rates and long-term 
durability of biomass ash for cement making need to be explored further. Studies 
investigating the enhanced use of biomass in the manufacturing of biomass-based 
cements are limited and need to be taken up. Optimal substitution and feasibility of 
using biomass as fuel and feedstock with modular package techniques are rarely seen.  

Several studies have suggested that the deployment of carbon capture is key to reducing 
process emissions from this sector. The long-term techno-economic impact of 
deploying carbon capture technologies is yet to be realised. For example, deploying 
best-suited technologies like calcium looping will likely impose additional energy 
penalties, which acts as an economic constraint for cement plant operators. To 
compensate for the increased energy demand, it is even more critical to deploy low-
carbon bioenergy sources through BECCS. Despite the potential of biomass in the three 
most significant decarbonisation levers, namely biomass as fuel, biomass as clinker 
substitute and BECCS, some studies have reported resistance from cement plant 
operators due to economic penalties imposed by low-carbon initiatives. Moreover, 
biomass being a shared resource competes with other resources such as land, water and 
food. The resulting social costs make the deployment of biomass in the cement industry 
a complex socio-technical problem.  

To compensate and provide a solution for the complexities involved, it is inevitable to 
deploy policies that aid cement industries towards a sustainable circular bioeconomy. 
Transition studies focussing on biomass sustainability and cement industries are 
limited. This paper emphasises the need for sustainable biomass transition policies in 
the cement sector. Sustainable transition in socio-technical systems involves diffusing 
niche innovations, accelerating transition and reconfiguring the systems through 
destabilisation of existing regimes that resist system transition. Similarly, the 
sustainable transition of biomass-based cement involves diffusing and accelerating 
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niches comprising of biofuels, cementitious materials made of biomass ash and 
BECCS. Promoting these niches imposes additional economic and energy penalties on 
cement manufacturing resulting in resistance from the incumbent regime (cement 
companies). Formulating policies that target stimulating and accelerating these niches 
alone will be inadequate in facilitating sustainable transition due to two main 
impediments i) social costs of promoting a shared resource like biomass in a region and 
ii) resistance from incumbent regime to system transition. Therefore, this study 
identifies intervention points for a holistic system transition. Given the market 
dominance and purchasing power of cement companies, and the economic struggles 
faced by niches; cement companies can actively engage in the role of transition 
intermediaries wherein they can facilitate specific transformative changes without 
stifling sustainable transition. This paper identifies and maps various policy 
interventions for a biomass-based cement system across different regions.  
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