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SUMMARY 
 

Global warming and climate change concerns have triggered international efforts to reduce the 

amount and concentration of carbon dioxide (CO2) emissions to ward-off massive economic and 

environmental damages. In recent years, the development of efficient and cost-effective technologies 

for reducing anthropogenic CO2 emissions have been gaining momentum all over the world. 

Currently carbon capture, utilization, and storage (CCUS) play a key role to the prompt and 

necessary mitigation of greenhouse gas (GHG) emissions generated from large point sources such as 

power plants. For some industrial process emissions which result from chemical reactions, CCUS is 

one of the most cost-effective solutions available for large-scale emissions reduction. 

Although other sources of low-carbon power generation receive extensive policy support 

affiliated with today’s capital markets, CCUS projects lack sufficient policy support to obtain 

conventional financing. This suggests that carbon management solutions such as CCUS still 

constitute the weakest link in new energy and climate policies; therefore, additional policies are 

needed to bring CCUS forward in commercial power market deployment. 

 

Research Focus, Objective, and Scope 
 

The main subject of this research revolves around the CO2 molecule, a low-value, low-energy, 

stable waste gas, often available in large quantity in single locations. This work evaluates three 

carbon (CO2) capture technologies, the reutilization of the CO2 to produce carbon-base products, and 

potential storage application.   

The three CCUS applications studied are; (1) use of CO2-blended gas (biogas) generated at a 

WWTP through anaerobic digestion for the process of energy production using high temperature fuel 

cells such as SOFC, where the CO2 has a role of reforming agent to increase the energy efficiency of 

the general process of energy generation, (2) the capture and transformation of CO2 to produce 

sustainable, synthetic hydrocarbon or carbonaceous fuels (e.g., e-methane and e-methanol), mainly 

for the transportation industry, (3) CO2 capture and mineralization through the process of direct 

carbonation in order to create “carbonated” fly ash (FA) for its use in the cement and construction 

industries. 

The commonality of the above applications is that they all reuse captured CO2 to yield a product 

in different forms (power and heat in case of SOFC, synthetic fuels in case of methane and methanol, 

construction material in case of carbonated fly ashes).  

The objective of this work is to examine and evaluate viable processes and technologies that can 

be used to capture, utilize, and store CO2 (CCUS)- with the main motivation of reducing GHGs 
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emission and global warming, but also taking advantage in economic terms of these processes of 

carbon re-use. The study also examines various paths to accelerate the commercialization of carbon-

based products and their technologies studied in this work. To accomplish this objective, the research 

includes the following: 

1. A thorough investigation of three emerging CCUS pathways based on renewable energy 

sources (RES) (e.g., biogas & fuel cells, synthetic fuels, mineral carbonation of fly ashes) 

that fall into the CCUS paradigm and are either potentially marketable within the next 

decade, relatively new, or advanced forms of the mainstream energy sources. Each 

assessment is followed by the determination of market share, commercialization challenges, 

and policy framework. 

2. Analysis of experimental work related to the direct use of CO2-containing fuel of biological 

origins to supply an electrochemical process devoted to the production of power at high 

efficiency. The proof of concept was investigated at the first industrial size wastewater 

treatment plant (WWTP) in Europe in Torino, Italy; the name of the project is DEMOSOFC. 

The DEMOSOFC plant produces high efficiency energy with solid oxide fuel cells (SOFC) 

technology that can use the biogas generated at the WWTPs. From an energy and CCU point 

of view the system demonstrates how fuel cell systems are a key driver for future energy 

plants, based on renewable fuels, with very high electrical efficiencies and total recovery of 

the processed elements (carbon, hydrogen and oxygen), where the CO2 has the role of 

enhancing the global efficiency of the process acting as a reforming agent.  

3. Analysis of experimental and modeling work conducted at Politecnico di Torino linked to 

the use of the Carbon molecule to produce synthetic fuels (e-methane (CH4) and e-methanol 

(CH3OH)) by means of two processes: steam electrolysis + methanation, and steam 

electrolysis + methanol production. Furthermore, an energy analysis was performed with 

special consideration to the thermal integration via pinch analysis and a final estimation of 

power-to-fuel overall efficiency.   The energy analysis (based on the process modeling 

developed for both systems) and the heat exchange network design enabled the development 

of capital expenditure estimation. Additionally, an economic analysis comparison for the 

production cost of both synthetic fuels was performed with the purpose of highlighting any 

potential risk related with the system.  

4. Analysis of technical procedures concerning the capture of CO2 from the flue gas of a coal 

fired power plant; the recovery of fly ash (in this case high-calcium fly ash (HCFA)) 

produced by the combustion of coal; and the mineralization of CO2 through the process of 

direct MC; consequently, producing carbonated fly ash to use as supplementary cementitious 
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materials for construction applications. The study investigates and compares American 

(ASTM) vs. European (EN) standards and specifications related to the utilization of HCFA 

fly ash and evaluates the possibility of having a standardized classification system based on 

potential common grounds.  

5. Literature review, analysis and comparison of United States1 and Europe2 mechanisms on 

national renewable energy policy. Evaluation of circular economy and cost carbon capture. 

Examination of economies of scale, barriers, and opportunities related to CCUS 

technologies; furthermore, breakdown of recommended approaches to accelerate the 

commercialization of CCUS technologies and carbon-based products. 

 
Research Questions: 

 

1. At a mitigation of climate change level, how does the stability of CO2 compare when 

evaluating its reuse in the three carbon-based products studied in this work (i.e., biogas, 

synthetic fuels, carbonates)? 

2. What are the technical and economic conditions for the direct use of CO2-containing fuel of 

biological origins to produce power and heat at high efficiency using SOFC in a WWTP? 

3. What are the technical and economic conditions for the reutilization of CO2 to produce 

synthetic fuel? 

4. What are the similarities and/or differences of the current HCFA specifications (ASTM vs. 

EN)?  Is it possible to standardize the specifications for international use? What are the 

challenges to accelerate the commercialization of carbonated HCFA? 

5. How to foster the commercialization of carbon-based products and their technologies? What 

are the barriers to accelerate the pace to commercialize and some potential remediations to 

overcome them?  

 

Brief Answers to Research Questions: 
 

1. One way that CO2 can be utilized is by chemically processing and converting it into 

chemicals and synthetic fuels. This can be achieved through carboxylation reactions where 

the CO2 molecule is used to produce chemicals such as methane, methanol, syngas, urea and 

formic acid. CO2 can also be used as a feedstock to produce fuels (e.g., in the Fischer–

 
1 When discussing the United States, it encompasses the nation’s 50 states, D.C. and its Territories. 
2 When discussing Europe (EU), it encompasses the 27 Member countries of the European Commission.  
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Tropsch process). However, using CO2 in this manner is energy intensive since it is 

thermodynamically highly stable: a large energy input is required to make the reactions 

happen. Furthermore, chemicals and fuels are stored for less than six months before they are 

used, and the CO2 is released back into the atmosphere very quickly. As with mineral 

carbonates, this is CCU, and not CCS. Taking the CO2 released from fossil fuel combustion 

and converting the gas into valuable chemicals and materials is a promising approach to 

protect the environment. But because CO2 is a very inert and stable molecule, it is difficult to 

get it to react using conventional conversion processes.  

Captured CO2 can theoretically be made into any kind of fuel or chemical that is currently 

based on petroleum. The trick is figuring out how to do it so the product is cost-competitive 

with fossil fuel-derived products and ends up benefitting the environment. Because CO2 is a 

stable and non-reactive molecule, meaning that it won’t react to form other chemicals unless 

a substantial amount of energy is added, processes to convert it to other products can be 

expensive. Ultimately the benefit of CO2-based chemicals depends on the carbon intensity of 

the energy inputs, as well as the durability of the product. (CO2-based chemicals and fuels 

may be burned or processed within days or weeks, releasing their CO2 back into the 

atmosphere.).  Overcoming this means finding products that are less energy-intensive to 

convert CO2. The processes to convert CO2 to a product require many reaction and 

separation steps and large energy inputs along the way.  

2. Technical and economic states for the direct use of CO2-containing fuel of biological origins 

to produce power at high efficiency using SOFC. It was determined that the CCUS biogas 

creation used in conjunction with SOFCs to produce power and heat, is not profitable from a 

venture point of view (assuming current market and economic conditions). For this reason, 

policies and subsidies should be considered to support the research, development, and roll-

out of such technology, until competitive prospects can be reached. In other words, this new 

technology is currently not commercially attractive to investors when compared to the status 

quo of using fossil fuels to produce power and heat. 

  Based on the technical and economic analysis generated for the case study addressed in this 

work, it was resolved that to have a successful market entry, the sales of fuel cells need to 

reach the break-even point; unfortunately, this alone will not guarantee the successful market 

penetration.  A combination of making the fuel cell technology more affordable, the creation 

of policies that will assure the implementation of financial support schemes, and the need of 

initial investment capital to help accelerate the deployment of new projects, are imperative 

for the successful commercialization of SOFC.  
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3. Technical and economic states for the reutilization of CO2 to produce synthetic fuels 

(methane and methanol). Two synthetic fuel (methane and methanol) production plants, 

using hydrogen and CO2, were modeled, compared, and assessed. It was concluded that the 

economic viability to produce these fuels require significant investment capital reduction in 

order to be competitive with fossil fuels.  This study considered some potential solutions that 

would help mitigate the issues; (1) reduction of electrolysis technology, (2) project cost 

optimization (e.g., mutualization of infrastructures and standardization of processes, 

procedures, and equipment manufacturing) and (3) low-cost of electricity is imperative; 

hence, the power required to support the processes should originate from renewable 

technologies such as solar or wind. However, albeit the high initial investment capital 

challenges, the production of methanol shows potential prospect for competitive 

commercialization if the utilization factor (UF) is between 65%-80%. Nonetheless, policies 

and subsidies should be considered to support the research, development, and roll-out of 

such technology, for synthetic fuels can comfortably compete in a competitive market. 

4. Similarities and differences of existing standards and national specifications concerning the 

use of HCFA in construction in the regulatory framework of EU and US.  Challenges 

presented for the utilization and potential commercialization of carbonated HCFA. The 

ASTM standard and national specifications for the use of fly ash involves some vague 

parameters and unclear language in the context of the specifications. Furthermore, the US 

EPA has delegated responsibility to the states to ensure that coal combustion byproducts are 

properly used. Each state, therefore, has its own specification and environmental regulations. 

Some states allow free use of fly ash while others allow limited application; consequently, 

this leaves the specifications vulnerable to partisan interpretation. Additionally, ASTM C618 

differentiates the two classes of fly ash based only their coal source and chemistry. There are 

requirements on physical properties of fly ash for use in concrete, but the requirements do 

not differentiate classes of fly ash. Fly ash classification based on coal source and the sum of 

three principal constituents was felt to be inadequate as the variations in the constituents for 

any fly ash have not been seen to correlate with the properties of fresh and hardened 

concrete.  On the other hand, European standards (EN) and testing requirements are more 

restrictive than the ASTMs. For example, differentiates the two classes of fly ash based only 

their coal source and chemistry. There are requirements on physical properties of fly ash for 

use in concrete, but the requirements do not differentiate classes of fly ash. Fly ash 

classification based on coal source and the sum of three principal constituents was felt to be 

inadequate as the variations in the constituents for any fly ash have not been seen to correlate 
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with the properties of fresh and hardened concrete. Major challenges for commercialization 

are:  

 

 (1) Lack of government incentives for producers and manufacturers to embrace the process,  

(2) Changes in construction codes and standards could delay the use of CFA in the 

construction industry,  

(3) Coal power plants are being decommissioned and there is almost no new construction 

currently in place.  Consequently, the production of fly ash will be dwindling in the not so 

far future.  

(4) New entrants may not have the deep pockets an established company possess.  

(5) The underlying technology has the immediate need to be protected in terms of IP.  Based 

on literature, this topic has not been addressed properly. 

5. Fostering and accelerating the commercialization of CCUS the three subject carbon-based 

products and their technologies and processes. Challenges and opportunities in the CCUS 

market. CCUS faces some specific challenges in the initial deployment phase; for example, 

(i) scale and economics of CO2 utilization (ii) techno-economic barriers to scaling, (iii) 

potential market barriers to new technologies, (iv) high capital investment requirements for 

CO2 capture and related infrastructure. 

A major scale-up of deployment is needed to put in hastened motion technological progress, 

cost cutbacks and support investment in industrial applications of CCUS. Failing to 

accelerate these major challenges will hinder the large-scale commercialization of CCUS 

technologies over the next few years; hence, obstructing the long-term goal to combat 

climate change set by the Paris Agreement. 

Accelerating the deployment of CCUS in industry is complex and critically indispensable. 

It entails the collaboration of governments, industries, and financial and academic 

institutions to implement new business models where the burden of costs, risks, and 

liabilities can be shared. It should include partnerships amongst developing countries to 

substantiate CCUS capacity to build and execute this monumental global change.  
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SOMMARIO 
 

Le preoccupazioni per il riscaldamento globale e il cambiamento climatico hanno innescato 

sforzi internazionali per ridurre la quantità e la concentrazione di emissioni di anidride carbonica 

(CO2) per scongiurare enormi danni economici e ambientali. Negli ultimi anni, lo sviluppo di 

tecnologie efficienti ed economiche per ridurre le emissioni antropogeniche di CO2 ha guadagnato 

slancio in tutto il mondo. 

Attualmente la cattura, l'utilizzo e lo stoccaggio del carbonio (CCUS) svolgono un ruolo chiave 

per la mitigazione rapida e necessaria delle emissioni di gas serra (GHG) generate da grandi fonti 

puntuali come le centrali elettriche. Per alcune emissioni di processo industriale derivanti da reazioni 

chimiche, CCUS è una delle soluzioni più convenienti disponibili per la riduzione delle emissioni su 

larga scala. Sebbene altre fonti di produzione di energia a basse emissioni di carbonio ricevano un 

ampio sostegno politico affiliato ai mercati dei capitali odierni, i progetti CCUS non dispongono di 

un sostegno politico sufficiente per ottenere finanziamenti convenzionali. Ciò suggerisce che le 

soluzioni di gestione del carbonio come il CCUS costituiscono ancora l'anello più debole delle nuove 

politiche energetiche e climatiche; pertanto, sono necessarie politiche aggiuntive per portare avanti 

CCUS nella diffusione del mercato dell'energia commerciale. 

 

Focus, obiettivo e ambito della ricercar 
 

L'argomento principale di questa ricerca ruota attorno alla molecola di CO2, un gas di scarico 

stabile a basso valore, a bassa energia, spesso disponibile in grande quantità in singole località. 

Questo lavoro valuta tre tecnologie di cattura del carbonio (CO2), il riutilizzo della CO2 per produrre 

prodotti a base di carbonio e la potenziale applicazione di stoccaggio. 

Le tre applicazioni CCUS studiate sono: (1) l'uso di gas miscelato a CO2 (biogas) generato in un 

WWTP attraverso la digestione anaerobica per il processo di produzione di energia utilizzando celle 

a combustibile ad alta temperatura come SOFC, in cui il CO2 ha un ruolo di agente riformatore per 

aumentare l'efficienza energetica del processo generale di generazione di energia, (2) la cattura e la 

trasformazione di CO2 per produrre prodotti sostenibili, idrocarburi sintetici o combustibili 

carboniosi (ad esempio, e-metano ed e-metanolo), principalmente per l'industria dei trasporti, (3) 

cattura e mineralizzazione di CO2 attraverso il processo di carbonatazione diretta al fine di creare 

ceneri volanti "gassate" (FA) per il suo utilizzo nell'industria del cemento e delle costruzioni. La 

comunanza delle applicazioni di cui sopra è che tutte riutilizzano la CO2 catturata per produrre un 

prodotto in forme diverse (potenza e calore in caso di SOFC, combustibili sintetici in caso di metano 

e metanolo, materiale da costruzione in caso di ceneri volanti gassate). 
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L'obiettivo di questo lavoro è quello di esaminare e valutare i processi e le tecnologie praticabili 

che possono essere utilizzati per catturare, utilizzare e immagazzinare CO2 (CCUS) - con la 

motivazione principale di ridurre le emissioni di gas serra e il riscaldamento globale, ma anche 

sfruttando in termini economici questi processi di riutilizzo del carbonio. Lo studio esamina anche 

vari percorsi per accelerare la commercializzazione dei prodotti a base di carbonio e delle loro 

tecnologie studiate in questo lavoro. Per raggiungere questo obiettivo, la ricerca include quanto 

segue:  

1. Un'indagine approfondita di tre percorsi CCUS emergenti basati su fonti di energia rinnovabile 

(RES) (ad esempio, biogas e celle a combustibile, combustibili sintetici, carbonatazione 

minerale delle ceneri volanti) che rientrano nel paradigma CCUS e sono potenzialmente 

commerciabili entro il prossimo decennio, forme relativamente nuove o avanzate delle fonti 

energetiche tradizionali. Ogni valutazione è seguita dalla determinazione della quota di 

mercato, delle sfide di commercializzazione e del quadro politico. 

2. Analisi del lavoro sperimentale relativo all'utilizzo diretto di combustibili di origine biologica 

contenenti CO2 per alimentare un processo elettrochimico dedicato alla produzione di energia 

ad alta efficienza. Il proof of concept è stato studiato presso il primo impianto di trattamento 

delle acque reflue di dimensioni industriali (WWTP) in Europa a Torino, in Italia; il nome del 

progetto è DEMOSOFC. L'impianto DEMOSOFC produce energia ad alta efficienza con la 

tecnologia delle celle a combustibile ad ossido solido (SOFC) in grado di utilizzare il biogas 

generato nei WWTP. Dal punto di vista energetico e CCU il sistema dimostra come i sistemi a 

celle a combustibile siano un driver chiave per i futuri impianti energetici, basati su 

combustibili rinnovabili, con altissime efficienze elettriche e recupero totale degli elementi 

trasformati (carbonio, idrogeno e ossigeno), dove la CO2 ha il ruolo di migliorare l'efficienza 

globale del processo agendo come agente riformatore. 

3. Analisi del lavoro sperimentale e di modellazione condotto presso il Politecnico di Torino 

legato all'utilizzo della molecola di Carbonio per produrre combustibili sintetici (e-metano 

(CH4) ed e-metanolo (CH3OH)) mediante due processi: elettrolisi a vapore + metanazione, ed 

elettrolisi a vapore + produzione di metanolo. Inoltre, è stata eseguita un'analisi energetica con 

particolare attenzione all'integrazione termica tramite analisi del pizzico e una stima finale 

dell'efficienza complessiva power-to-fuel. L'analisi energetica (basata sulla modellazione di 

processo sviluppata per entrambi i sistemi) e la progettazione della rete di scambio termico 

hanno permesso lo sviluppo della stima della spesa in conto capitale. Inoltre, è stato effettuato 

un confronto di analisi economica per il costo di produzione di entrambi i combustibili sintetici 

con lo scopo di evidenziare qualsiasi potenziale rischio correlato al sistema. 
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4. Analisi delle procedure tecniche relative alla cattura di CO2 dai fumi di una centrale elettrica a 

carbone; il recupero di ceneri volanti (in questo caso ceneri volanti ad alto contenuto di calcio 

(HCFA)) prodotte dalla combustione del carbone; e la mineralizzazione della CO2 attraverso il 

processo di MC diretto; di conseguenza, la produzione di ceneri volanti gassate da utilizzare 

come materiali cementizi supplementari per applicazioni di costruzione. Lo studio indaga e 

confronta gli standard americani (ASTM) e quelli europei (EN) e le specifiche relative 

all'utilizzo delle ceneri volanti HCFA e valuta la possibilità di avere un sistema di 

classificazione standardizzato basato su potenziali motivi comuni. 

5. Revisione della letteratura, analisi e confronto dei meccanismi degli Stati Uniti3 e dell'Europa4 

sulla politica nazionale delle energie rinnovabili. Valutazione dell'economia circolare e dei costi 

di cattura del carbonio. Esame delle economie di scala, delle barriere e delle opportunità legate 

alle tecnologie CCUS; inoltre, la ripartizione degli approcci raccomandati per accelerare la 

commercializzazione delle tecnologie CCUS e dei prodotti a base di carbonio. 

 
Domande di ricerca: 

 

1. A livello di mitigazione dei cambiamenti climatici, come si confronta la stabilità della CO2 

quando si valuta il suo riutilizzo nei tre prodotti a base di carbonio studiati in questo lavoro (ad 

es. biogas, combustibili sintetici, carbonati)?  

2. Quali sono le condizioni tecniche ed economiche per l'uso diretto di combustibili di origine 

biologica contenenti CO2 per produrre energia e calore ad alta efficienza utilizzando SOFC in 

un WWTP? 

3. Quali sono le condizioni tecniche ed economiche per il riutilizzo della CO2 per produrre 

combustibile sintetico?  

4. Quali sono le somiglianze e/o le differenze delle attuali specifiche HCFA (ASTM vs. EN)? È 

possibile standardizzare le specifiche per l'uso internazionale? Quali sono le sfide per accelerare 

la commercializzazione dell'HCFA gassato?  

5. Come favorire la commercializzazione dei prodotti a base di carbonio e delle loro tecnologie? 

Quali sono gli ostacoli per accelerare il ritmo di commercializzazione e alcune potenziali 

riparazioni per superarli? 

 

 
3 (Quando si parla degli Stati Uniti, comprende i 50 stati della nazione, D.C. e i suoi territori. 
4 Quando si parla di Europa (UE), comprende i 27 paesi membri della Commissione europea.) 
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Brevi risposte alle domande di ricerca:  
 

1. Un modo in cui la CO2 può essere utilizzata è la lavorazione chimica e la conversione in 

sostanze chimiche e combustibili sintetici. Ciò può essere ottenuto attraverso reazioni di 

carbossilazione in cui la molecola di CO2 viene utilizzata per produrre sostanze chimiche 

come metano, metanolo, syngas, urea e acido formico. La CO2 può anche essere utilizzata 

come materia prima per produrre combustibili (ad esempio, nel processo Fischer-Tropsch). 

Tuttavia, l'utilizzo di CO2 in questo modo è ad alta intensità energetica poiché è 

termodinamicamente altamente stabile: è necessario un grande apporto di energia per far 

accadere le reazioni. Inoltre, le sostanze chimiche e i combustibili vengono immagazzinati 

per meno di sei mesi prima di essere utilizzati e la CO2 viene rilasciata nell'atmosfera molto 

rapidamente. Come per i carbonati minerali, questa è la CCU e non la CCS.  

Prendere la CO2 rilasciata dalla combustione di combustibili fossili e convertire il gas in 

sostanze chimiche e materiali preziosi è un approccio promettente per proteggere l'ambiente. 

Ma poiché la CO2 è una molecola molto inerte e stabile, è difficile farla reagire utilizzando i 

processi di conversione convenzionali.  

La CO2 catturata può teoricamente essere trasformata in qualsiasi tipo di combustibile o 

sostanza chimica attualmente basata sul petrolio. Il trucco è capire come farlo in modo che 

il prodotto sia competitivo in termini di costi con i prodotti derivati dai combustibili fossili 

e finisca per avvantaggiare l'ambiente. Poiché la CO2 è una molecola stabile e non reattiva, 

il che significa che non reagirà per formare altre sostanze chimiche a meno che non venga 

aggiunta una notevole quantità di energia, i processi per convertirla in altri prodotti possono 

essere costosi. In definitiva, il vantaggio delle sostanze chimiche a base di CO2 dipende 

dall'intensità di carbonio degli input energetici e dalla durata del prodotto. (Le sostanze 

chimiche e i combustibili a base di CO2 possono essere bruciati o lavorati entro giorni o 

settimane, rilasciando la loro CO2 nell'atmosfera.)  

2.  Stati tecnici ed economici per l'uso diretto di combustibili di origine biologica contenenti 

CO2 per produrre energia ad alta efficienza utilizzando SOFC. Èstato stabilito che la 

creazione di biogas CCUS utilizzata in combinazione con le SOFC per produrre energia e 

calore, non è redditizia dal punto di vista dell'impresa (assumendo le attuali condizioni 

economiche e di mercato). Per questo motivo, le politiche e le sovvenzioni dovrebbero 

essere prese in considerazione per sostenere la ricerca, lo sviluppo e l'introduzione di tale 

tecnologia, fino a quando non saranno raggiunte prospettive competitive. In altre parole, 

questa nuova tecnologia non è attualmente commercialmente attraente per gli investitori 

rispetto allo status quo dell'utilizzo di combustibili fossili per produrre energia e calore.  
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Sulla base dell'analisi tecnica ed economica generata per il caso di studio affrontato in 

questo lavoro, è stato risolto che per avere un ingresso di successo nel mercato, le vendite di 

celle a combustibile devono raggiungere il punto di pareggio; sfortunatamente, questo da 

solo non garantirà la penetrazione del mercato di successo. Una combinazione di rendere la 

tecnologia delle celle a combustibile più accessibile, la creazione di politiche che assicurino 

l'attuazione di regimi di sostegno finanziario e la necessità di capitale di investimento 

iniziale per contribuire ad accelerare la diffusione di nuovi progetti, sono imperativi per il 

successo della commercializzazione di SOFC.  

3. Stati tecnici ed economici per il riutilizzo della CO2 per produrre combustibili sintetici 

(metano e metanolo). Due impianti di produzione di combustibili sintetici (metano e 

metanolo), che utilizzano idrogeno e CO2, sono stati modellati, confrontati e valutati. Si è 

concluso che la redditività economica per produrre questi combustibili richiede una 

significativa riduzione del capitale di investimento per essere competitivi con i combustibili 

fossili. Questo studio ha preso in considerazione alcune potenziali soluzioni che 

contribuirebbero a mitigare i problemi; (1) riduzione della tecnologia di elettrolisi, (2) 

ottimizzazione dei costi di progetto (ad esempio, mutualizzazione delle infrastrutture e 

standardizzazione dei processi, delle procedure e della produzione di apparecchiature) e 

Stati tecnici ed economici per il riutilizzo della CO2 per produrre combustibili sintetici 

(metano e metanolo). Due impianti di produzione di combustibili sintetici (metano e 

metanolo), che utilizzano idrogeno e CO2, sono stati modellati, confrontati e valutati. Si è 

concluso che la redditività economica per produrre questi combustibili richiede una 

significativa riduzione del capitale di investimento per essere competitivi con i combustibili 

fossili. Questo studio ha preso in considerazione alcune potenziali soluzioni che 

contribuirebbero a mitigare i problemi; (1) riduzione della tecnologia di elettrolisi, (2) 

ottimizzazione dei costi di progetto (ad esempio, mutualizzazione delle infrastrutture e 

standardizzazione dei processi, delle procedure e della produzione di apparecchiature) e (3) 

il basso costo dell'elettricità è imperativo; pertanto, l'energia necessaria per supportare i 

processi dovrebbe provenire da tecnologie rinnovabili come il solare o l'eolico. Tuttavia, 

sebbene le elevate sfide di capitale di investimento iniziale, la produzione di metanolo 

mostra potenziali prospettive di commercializzazione competitiva se il fattore di utilizzo 

(UF) è compreso tra il 65% e l'80%. Tuttavia, le politiche e le sovvenzioni dovrebbero 

essere prese in considerazione per sostenere la ricerca, lo sviluppo e l'introduzione di tale 

tecnologia, poiché i combustibili sintetici possono competere comodamente in un mercato 

competitivo. 
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4.   Somiglianze e differenze delle norme esistenti e delle specifiche nazionali relative all'uso 

dell'HCFA nella costruzione nel quadro normativo dell'UE e degli Stati Uniti. Sfide 

presentate per l'utilizzo e la potenziale commercializzazione di HCFA gassato.  

Lo standard ASTM e le specifiche nazionali per l'uso delle ceneri volanti comportano 

alcuni parametri vaghi e un linguaggio poco chiaro nel contesto delle specifiche. Inoltre, 

l'EPA degli Stati Uniti ha delegato la responsabilità agli Stati di garantire che i sottoprodotti 

della combustione del carbone siano utilizzati correttamente. Ogni stato, quindi, ha le 

proprie specifiche e regolamenti ambientali. Alcuni stati consentono l'uso gratuito di ceneri 

volanti mentre altri consentono un'applicazione limitata; di conseguenza, ciò lascia le 

specifiche vulnerabili all'interpretazione di parte. Inoltre, l'ASTM C618 differenzia le due 

classi di ceneri volanti basandosi solo sulla loro fonte di carbone e sulla loro chimica. 

Esistono requisiti sulle proprietà fisiche delle ceneri volanti per l'uso nel calcestruzzo, ma i 

requisiti non differenziano le classi di ceneri volanti. La classificazione delle ceneri volanti 

basata sulla fonte di carbone e sulla somma di tre costituenti principali è stata ritenuta 

inadeguata in quanto le variazioni dei costituenti per qualsiasi ceneri volanti non sono state 

viste correlate alle proprietà del calcestruzzo fresco e indurito. D'altra parte, le norme 

europee (EN) e i requisiti di prova sono più restrittivi degli ASTM. Ad esempio, differenzia 

le due classi di ceneri volanti basandosi solo sulla loro fonte di carbone e chimica. Esistono 

requisiti sulle proprietà fisiche delle ceneri volanti per l'uso nel calcestruzzo, ma i requisiti 

non differenziano le classi di ceneri volanti. La classificazione delle ceneri volanti basata 

sulla fonte di carbone e sulla somma di tre costituenti principali è stata ritenuta inadeguata 

in quanto le variazioni dei costituenti per qualsiasi ceneri volanti non sono state viste 

correlate alle proprietà del calcestruzzo fresco e indurito. Le principali sfide per la 

commercializzazione sono: (1) Mancanza di incentivi governativi per produttori e 

produttori ad abbracciare il processo, (2) I cambiamenti nei codici e negli standard di 

costruzione potrebbero ritardare l'uso del CFA nel settore delle costruzioni, (3) Le centrali 

elettriche a carbone vengono disattivate e non vi è quasi nessuna nuova costruzione 

attualmente in atto. Di conseguenza, la produzione di ceneri volanti diminuirà in un futuro 

non così lontano. (4) I nuovi operatori possono non avere le tasche profonde di una società 

consolidata. (5) La tecnologia sottostante ha l'immediata necessità di essere protetta in 

termini di PI. Sulla base della letteratura, questo argomento non è stato affrontato 

correttamente. 
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5.  Promuovere e accelerare la commercializzazione di CCUS dei tre prodotti a base di 

carbonio e delle loro tecnologie e processi. Sfide e opportunità nel mercato CCUS. CCUS 

deve affrontare alcune sfide specifiche nella fase iniziale di implementazione; ad esempio, 

(i) scala ed economia dell'utilizzo di CO2 (ii) ostacoli tecnico-economici al 

ridimensionamento, (iii) potenziali ostacoli di mercato alle nuove tecnologie, (iv) elevati 

requisiti di investimento di capitale per la cattura di CO2 e le relative infrastrutture. È 

necessario un importante scale-up di implementazione per accelerare il progresso 

tecnologico, ridurre i costi e sostenere gli investimenti nelle applicazioni industriali di 

CCUS. Non riuscire ad accelerare queste grandi sfide ostacolerà la commercializzazione su 

larga scala delle tecnologie CCUS nei prossimi anni; quindi, ostacolando l'obiettivo a lungo 

termine di combattere i cambiamenti climatici fissato dall'accordo di Parigi. Accelerare 

l'implementazione di CCUS nell'industria è complesso e criticamente indispensabile. 

Implica la collaborazione di governi, industrie e istituzioni finanziarie e accademiche per 

implementare nuovi modelli di business in cui l'onere di costi, rischi e passività può essere 

condiviso. Dovrebbe includere partenariati tra paesi in via di sviluppo per dimostrare la 

capacità del CCUS di costruire e attuare questo monumentale cambiamento globale 

  



 

xix 

RESUMEN 
 

El calentamiento global y las preocupaciones sobre el cambio climático han desencadenado 

esfuerzos internacionales para reducir la cantidad y la concentración de emisiones de dióxido de 

carbono (CO2) para evitar daños económicos y ambientales masivos. En los últimos años, el 

desarrollo de tecnologías eficientes y rentables para reducir las emisiones antropogénicas de CO2 ha 

ido ganando impulso en todo el mundo. Actualmente, la captura, utilización y almacenamiento de 

carbono (CCUS) desempeñan un papel clave para la mitigación rápida y necesaria de las emisiones 

de gases de efecto invernadero (GEI) generadas a partir de grandes fuentes puntuales, como las 

centrales eléctricas. Para algunas emisiones de procesos industriales que resultan de reacciones 

químicas, CCUS es una de las soluciones más rentables disponibles para la reducción de emisiones a 

gran escala. 

Aunque otras fuentes de generación de energía baja en carbono reciben un amplio apoyo 

político afiliado a los mercados de capital actuales, los proyectos de CCUS carecen de suficiente 

apoyo político para obtener financiamiento convencional. Esto sugiere que las soluciones de gestión 

del carbono como la CCUS siguen constituyendo el eslabón más débil de las nuevas políticas 

energéticas y climáticas; por lo tanto, se necesitan políticas adicionales para hacer avanzar la CCUS 

en el despliegue del mercado de energía comercial.  

 

Enfoque, objetivo y alcance de la investigación 
 

El tema principal de esta investigación gira en torno a la molécula de CO2, un gas residual 

estable, de bajo valor, baja energía, a menudo disponible en gran cantidad en ubicaciones 

individuales. Este trabajo evalúa tres tecnologías de captura de carbono (CO2), la reutilización del 

CO2 para producir productos a base de carbono y la posible aplicación de almacenamiento. 

Las tres aplicaciones de CCUS estudiadas son; (1) el uso de gas mezclado con CO2 (biogás) 

generado en una EDAR a través de la digestión anaeróbica para el proceso de producción de energía 

utilizando pilas de combustible de alta temperatura como SOFC, donde el CO2 tiene un papel de 

agente reformador para aumentar la eficiencia energética del proceso general de generación de 

energía, (2) la captura y transformación de CO2 para producir de manera sostenible, hidrocarburo 

sintético o combustibles carbonosos (por ejemplo, e-metano y e-metanol), principalmente para la 

industria del transporte, (3) captura y mineralización de CO2 a través del proceso de carbonatación 

directa con el fin de crear cenizas volantes "carbonatadas" (FA) para su uso en las industrias del 

cemento y la construcción.  
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Lo común de las aplicaciones anteriores es que todas reutilizan el CO2 capturado para producir un 

producto en diferentes formas (energía y calor en el caso de SOFC, combustibles sintéticos en el 

caso del metano y el metanol, material de construcción en el caso de las cenizas volantes 

carbonatadas).  

El objetivo de este trabajo es examinar y evaluar procesos y tecnologías viables que puedan ser 

utilizados para capturar, utilizar y almacenar CO2 (CCUS), con la principal motivación de reducir la 

emisión de GEI y el calentamiento global, pero también aprovechando en términos económicos estos 

procesos de reutilización de carbono. El estudio también examina varios caminos para acelerar la 

comercialización de productos a base de carbono y sus tecnologías estudiadas en este trabajo. Para 

lograr este objetivo, la investigación incluye lo siguiente: 

1. Una investigación exhaustiva de tres vías emergentes de CCUS basadas en fuentes de 

energía renovables (RES) (por ejemplo, biogás y pilas de combustible, combustibles 

sintéticos, carbonatación mineral de cenizas volantes) que caen en el paradigma de CCUS y 

son potencialmente comercializables dentro de la próxima década, formas relativamente 

nuevas o avanzadas de las fuentes de energía principales. Cada evaluación es seguida por la 

determinación de la cuota de mercado, los desafíos de comercialización y el marco de 

políticas.  

2. Análisis de trabajos experimentales relacionados con el uso directo de combustibles de 

origen biológico que contienen CO2 para abastecer un proceso electroquímico dedicado a la 

producción de energía de alta eficiencia. La prueba de concepto se investigó en la primera 

planta de tratamiento de aguas residuales de tamaño industrial (EDAR) en Europa en Torino, 

Italia; el nombre del proyecto es DEMOSOFC. . La planta DEMOSOFC produce energía de 

alta eficiencia con tecnología de pilas de combustible de óxido sólido (SOFC) que pueden 

utilizar el biogás generado en las EDAR. Desde el punto de vista energético y CCU, el 

sistema demuestra cómo los sistemas de pilas de combustible son un motor clave para las 

futuras plantas de energía, basadas en combustibles renovables, con eficiencias eléctricas 

muy altas y recuperación total de los elementos procesados (carbono, hidrógeno y oxígeno), 

donde el CO2 tiene el papel de mejorar la eficiencia global del proceso actuando como 

agente reformador. 

3. Análisis de trabajos experimentales y de modelización realizados en el Politécnico de Turín 

vinculados al uso de la molécula de carbono para producir combustibles sintéticos (e-

metanol (CH4) y e-metanol (CH3OH)) mediante dos procesos: electrólisis de vapor + 

metanización, y electrólisis de vapor + producción de metanol. Además, se realizó un 

análisis energético con especial atención a la integración térmica a través del análisis de 
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pellizco y una estimación final de la eficiencia general de potencia a combustible. El análisis 

energético (basado en el modelado de procesos desarrollado para ambos sistemas) y el 

diseño de la red de intercambio de calor permitieron el desarrollo de la estimación de gastos 

de capital. Adicionalmente, se realizó un análisis económico comparativo del costo de 

producción de ambos combustibles sintéticos con el propósito de resaltar cualquier riesgo 

potencial relacionado con el sistema. 

4. Análisis de los procedimientos técnicos relativos a la captura de CO2 de los gases de 

combustión de una central eléctrica de carbón; la recuperación de cenizas volantes (en este 

caso cenizas volantes con alto contenido de calcio (HCFA)) producidas por la combustión de 

carbón; y la mineralización del CO2 mediante el proceso de MC directa; en consecuencia, 

producir cenizas volantes carbonatadas para utilizar como materiales cementicios 

suplementarios para aplicaciones de construcción. El estudio investiga y compara los 

estándares y especificaciones estadounidenses (ASTM) vs. europeos (EN) relacionados con 

la utilización de cenizas volantes HCFA y evalúa la posibilidad de tener un sistema de 

clasificación estandarizado basado en posibles puntos en común. 

5. Revisión de la literatura, análisis y comparación de los mecanismos de Estados Unidos5 y 

Europa6 sobre la política nacional de energía renovable. Evaluación de la economía circular 

y coste de la captura de carbono. Examen de las economías de escala, barreras y 

oportunidades relacionadas con las tecnologías CCUS; además, desglose de los enfoques 

recomendados para acelerar la comercialización de las tecnologías CCUS y los productos 

basados en el carbono. 

 
Preguntas de investigación: 

 
1. A nivel de mitigación del cambio climático, ¿cómo se compara la estabilidad del CO2 al 

evaluar su reutilización en los tres productos a base de carbono estudiados en este trabajo (es 

decir, biogás, combustibles sintéticos, carbonatos)?  

2. Cuáles son las condiciones técnicas y económicas para el uso directo de combustible que 

contiene CO2 de origen biológico para producir energía y calor de alta eficiencia utilizando 

SOFC en una EDAR?  

3. ¿Cuáles son las condiciones técnicas y económicas para la reutilización del CO2 para 

producir combustible sintético?  

 
5 Cuando se habla de los Estados Unidos, abarca los 50 estados de la nación, D.C. y sus Territorios. 
6 Cuando se habla de Europa (UE), abarca los 27 países miembros de la Comisión Europea. 
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4. ¿Cuáles son las similitudes y/o diferencias de las especificaciones actuales de HCFA (ASTM 

vs. EN)? ¿Es posible estandarizar las especificaciones para uso internacional? ¿Cuáles son 

los desafíos para acelerar la comercialización de HCFA carbonatado?  

5. Cómo fomentar la comercialización de productos a base de carbono y sus tecnologías? 

¿Cuáles son las barreras para acelerar el ritmo de comercialización y algunas posibles 

remediaciones para superarlas? 

 

Respuestas breves a preguntas de investigación: 
 

1.  Una forma en que se puede utilizar el CO2 es procesándolo químicamente y convirtiéndolo 

en productos químicos y combustibles sintéticos. Esto se puede lograr a través de reacciones 

de carboxilación donde la molécula de CO2 se utiliza para producir productos químicos 

como metano, metanol, gas de síntesis, urea y ácido fórmico. El CO2 también se puede 

utilizar como materia prima para producir combustibles (por ejemplo, en el proceso Fischer-

Tropsch). Sin embargo, el uso de CO2 de esta manera consume mucha energía, ya que es 

termodinámicamente altamente estable: se requiere una gran entrada de energía para que 

ocurran las reacciones. Además, los productos químicos y los combustibles se almacenan 

durante menos de seis meses antes de su uso, y el CO2 se libera de nuevo a la atmósfera muy 

rápidamente. Al igual que con los carbonatos minerales, esto es CCU, y no CCS. Tomar el 

CO2 liberado de la combustión de combustibles fósiles y convertir el gas en productos 

químicos y materiales valiosos es un enfoque prometedor para proteger el medio ambiente. 

Pero debido a que el CO2 es una molécula muy inerte y estable, es difícil lograr que 

reaccione utilizando procesos de conversión convencionales. 

El CO2 capturado teóricamente se puede convertir en cualquier tipo de combustible o 

producto químico que actualmente se basa en el petróleo. El truco es descubrir cómo hacerlo 

para que el producto sea competitivo en costos con los productos derivados de combustibles 

fósiles y termine beneficiando al medio ambiente. Debido a que el CO2 es una molécula 

estable y no reactiva, lo que significa que no reaccionará para formar otros productos 

químicos a menos que se agregue una cantidad sustancial de energía, los procesos para 

convertirlo en otros productos pueden ser costosos. En última instancia, el beneficio de los 

productos químicos a base de CO2 depende de la intensidad de carbono de los insumos de 

energía, así como de la durabilidad del producto. (Los productos químicos y combustibles a 

base de CO2 pueden quemarse o procesarse en cuestión de días o semanas, liberando su CO2 

a la atmósfera). 
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2. Estados técnicos y económicos para el uso directo de combustibles que contienen CO2 de 

origen biológico para producir energía de alta eficiencia utilizando SOFC.  

Se determinó que la creación de biogás CCUS utilizada en conjunto con los SOFC para 

producir energía y calor, no es rentable desde el punto de vista de la empresa (asumiendo las 

condiciones actuales del mercado y económicas). Por esta razón, se deben considerar 

políticas y subsidios para apoyar la investigación, el desarrollo y el despliegue de dicha 

tecnología, hasta que se puedan alcanzar perspectivas competitivas. En otras palabras, esta 

nueva tecnología actualmente no es comercialmente atractiva para los inversores en 

comparación con el status quo del uso de combustibles fósiles para producir energía y calor. 

Con base en el análisis técnico y económico generado para el estudio de caso abordado en 

este trabajo, se resolvió que para tener una entrada exitosa en el mercado, las ventas de pilas 

de combustible deben alcanzar el punto de equilibrio; desafortunadamente, esto por sí solo 

no garantizará la penetración exitosa en el mercado. Una combinación de hacer que la 

tecnología de celdas de combustible sea más asequible, la creación de políticas que 

aseguren la implementación de esquemas de apoyo financiero y la necesidad de capital de 

inversión inicial para ayudar a acelerar el despliegue de nuevos proyectos, son imperativos 

para la comercialización exitosa de SOFC. 

3.   Estados técnicos y económicos para la reutilización de CO2 para producir combustibles 

sintéticos (metano y metanol). Se modelaron, compararon y evaluaron dos plantas de 

producción de combustible sintético (metano y metanol), utilizando hidrógeno y CO2. Se 

concluyó que la viabilidad económica para producir estos combustibles requiere una 

reducción significativa del capital de inversión para ser competitivos con los combustibles 

fósiles. Este estudio consideró algunas soluciones potenciales que ayudarían a mitigar los 

problemas; (1) reducción de la tecnología de electrólisis, (2) optimización de costos de 

proyectos (por ejemplo, mutualización de infraestructuras y estandarización de procesos, 

procedimientos y fabricación de equipos) y (3) es imperativo un bajo costo de la 

electricidad; por lo tanto, la energía requerida para apoyar los procesos debe provenir de 

tecnologías renovables como la solar o la eólica. Sin embargo, a pesar de los altos desafíos 

iniciales de capital de inversión, la producción de metanol muestra una perspectiva 

potencial de comercialización competitiva si el factor de utilización (UF) está entre el 65% 

y el 80%. No obstante, se deben considerar políticas y subsidios para apoyar la 

investigación, el desarrollo y el despliegue de dicha tecnología, ya que los combustibles 

sintéticos pueden competir cómodamente en un mercado competitivo.  
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4.     Similitudes y diferencias de las normas existentes y las especificaciones nacionales 

relativas al uso de HCFA en la construcción en el marco regulatorio de la UE y los Estados 

Unidos. Desafíos presentados para la utilización y comercialización potencial de HCFA 

carbonatado. La norma ASTM y las especificaciones nacionales para el uso de cenizas 

volantes implican algunos parámetros vagos y un lenguaje poco claro en el contexto de las 

especificaciones. Además, la EPA de los Estados Unidos ha delegado la responsabilidad 

en los estados para garantizar que los subproductos de la combustión del carbón se utilicen 

correctamente. Cada estado, por lo tanto, tiene su propia especificación y regulaciones 

ambientales. Algunos estados permiten el uso gratuito de cenizas volantes, mientras que 

otros permiten una aplicación limitada; en consecuencia, esto deja las especificaciones 

vulnerables a la interpretación partidista. Además, ASTM C618 diferencia las dos clases 

de cenizas volantes basándose solo en su fuente de carbón y química. Existen requisitos 

sobre las propiedades físicas de las cenizas volantes para su uso en concreto, pero los 

requisitos no diferencian las clases de cenizas volantes. La clasificación de las cenizas 

volantes basada en la fuente de carbón y la suma de los tres componentes principales se 

consideró inadecuada, ya que no se ha visto que las variaciones en los componentes de las 

cenizas volantes se correlacionen con las propiedades del hormigón fresco y endurecido. 

Por otro lado, las normas europeas (EN) y los requisitos de prueba son más restrictivos que 

los ASMA. Por ejemplo, diferencia las dos clases de cenizas volantes basándose 

únicamente en su fuente de carbón y química. Existen requisitos sobre las propiedades 

físicas de las cenizas volantes para su uso en concreto, pero los requisitos no diferencian 

las clases de cenizas volantes. La clasificación de las cenizas volantes basada en la fuente 

de carbón y la suma de los tres componentes principales se consideró inadecuada, ya que 

no se ha visto que las variaciones en los componentes de las cenizas volantes se 

correlacionen con las propiedades del hormigón fresco y endurecido.  

Los principales desafíos para la comercialización son: (1) La falta de incentivos 

gubernamentales para que los productores y fabricantes adopten el proceso, (2) Los 

cambios en los códigos y estándares de construcción podrían retrasar el uso de CFA en la 

industria de la construcción, (3) Las centrales eléctricas de carbón se están desmantelando 

y casi no hay nuevas construcciones actualmente en su lugar. En consecuencia, la 

producción de cenizas volantes disminuirá en un futuro no muy lejano. (4) Los nuevos 

participantes pueden no tener los bolsillos profundos que posee una empresa establecida. 

(5) La tecnología subyacente tiene la necesidad inmediata de ser protegida en términos de 

PI. Según la literatura, este tema no se ha abordado adecuadamente. 



 

xxv 

5.    Fomentar y acelerar la comercialización de los tres productos temáticos basados en el 

carbono y sus tecnologías y procesos. Desafíos y oportunidades en el mercado de CCUS. 

CCUS enfrenta algunos desafíos específicos en la fase inicial de despliegue; por ejemplo, 

(i) escala y economía de la utilización de CO2 (ii) barreras tecnoeconocerias para escalar, 

(iii) barreras potenciales del mercado a las nuevas tecnologías, (iv) altos requisitos de 

inversión de capital para la captura de CO2 y la infraestructura relacionada. Se necesita una 

ampliación importante del despliegue para acelerar el progreso tecnológico, reducir los 

costos y apoyar la inversión en aplicaciones industriales de CCUS. Si no se aceleran estos 

grandes desafíos, se dificultará la comercialización a gran escala de las tecnologías CCUS 

en los próximos años; por lo tanto, obstruyendo el objetivo a largo plazo de combatir el 

cambio climático establecido por el Acuerdo de París. Acelerar el despliegue de CCUS en 

la industria es complejo y críticamente indispensable. Implica la colaboración de 

gobiernos, industrias e instituciones financieras y académicas para implementar nuevos 

modelos de negocio donde se pueda compartir la carga de costos, riesgos y pasivos. Debe 

incluir asociaciones entre los países en desarrollo para fundamentar la capacidad de CCUS 

para construir y ejecutar este cambio global monumental. 
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NOMENCLATURE 
 

ACRONYMS  

CHP Combined heat and power 

EL Electrolyzer 

EMS Energy management strategy 

EPS Electro Power System 

EU European Union 

FC Fuel cell 

GDP Gross domestic product 

GHG Greenhouse gas 

G2P Gas to power 

LCOE Levelized cost of energy 

LF Load factor 

LHV Lower heating value 

NPC Net present cost 

OM Operation and maintenance 

PEMFC PEM fuel cell 

PV Photovoltaic 

P2C Power-to-chemicals 

P2G Power-to-gas 

P2L Power-to-liquid 

P2X Power-to-X 

RES Renewable energy source 

WT Wind turbine 

XRD X-Ray powder diffraction 

  

PARAMETERS  

A heat exchange area (m2) 

BEC  bare erected cost ($) 

C cost ($ MWh-1) or ($ kg-1) 

CF Cash flow ($) 
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Cp purchasing equipment cost for components operating at base ($) 

DA gas diffusivity (m2 s-1) 

De diffusion coefficient (m2 s-1) 

Dep  depreciation  

Dp diameter of the catalyst particle (m) 

E chemical energy (MWh) 

EPCC engineering, procurement and construction cost ($) 

Exp operating expenses ($) 

f cost scaling factor 

FM Material factor 

Fp Pressure factor 

h molar enthalpy (J mol-1) 

k’ ratio between the rate constant calculated with the LHHW  

LHV  lower heating value (J kg-1)  

ṅ  molar flow rate (mol s-1)  

NPV  net present value ($)  

Rev  operating revenues ($)  

rt  tax rate 

S  equipment cost attribute 

TOC  total overnight capital ($) 

TPC  total plant cost ($) 

Tx  taxes ($) 

U  global heat transfer coefficient (kW m-2 K-1)  

UF  utilization factor 

W  power (W) 

ΔTml  logarithmic mean temperature difference (K)  

η efficiency 

τi Tortuosity coefficient 

φ Thiele modulus 

!  heat flow rate (kW)  
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SUBSCRIPTS 

0 base conditions  

an anode 

cat  cathode  

compr  compression  

el  electrical  

in  inlet 

LT  lifetime  

min  minimum  

n  reference year 

out  outlet 

PP  pinch point  

prod  product  
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1. INTRODUCTION AND OVERVIEW 
 

 

Research Question: 
 

At a mitigation of climate change level, how does the stability of CO2 compare when 

evaluating its reuse in the three carbon-based products studied in this work (i.e., biogas, synthetic 

fuels, carbonates)? 

 

Brief Answer: 
 

One way that CO2 can be utilized is by chemically processing and converting it into chemicals 

and synthetic fuels. This can be achieved through carboxylation reactions where the CO2 molecule 

is used to produce chemicals such as methane, methanol, syngas, urea and formic acid. CO2 can 

also be used as a feedstock to produce fuels (e.g., in the Fischer–Tropsch process).  

However, using CO2 in this manner is energy intensive since it is thermodynamically highly 

stable: a large energy input is required to make the reactions happen. Furthermore, chemicals and 

fuels are stored for less than six months before they are used, and the CO2 is released back into the 

atmosphere very quickly. As with mineral carbonates, this is CCU, and not CCS.  

Taking the CO2 released from fossil fuel combustion and converting the gas into valuable 

chemicals and materials is a promising approach to protect the environment. But because CO2 is a 

very inert and stable molecule, it is difficult to get it to react using conventional conversion 

processes. 

Captured CO2 can theoretically be made into any kind of fuel or chemical that is currently 

based on petroleum. The trick is figuring out how to do it so the product is cost-competitive with 

fossil fuel-derived products and ends up benefitting the environment. Because CO2 is a stable and 

non-reactive molecule, meaning that it won’t react to form other chemicals unless a substantial 

amount of energy is added, processes to convert it to other products can be expensive. Ultimately 

the benefit of CO2-based chemicals depends on the carbon intensity of the energy inputs, as well as 

the durability of the product. (CO2-based chemicals and fuels may be burned or processed within 

days or weeks, releasing their CO2 back into the atmosphere.) 

Overcoming this means finding products that is less energy-intensive to convert CO2. The 

processes to convert CO2 to a product require many reaction and separation steps and large energy 

inputs along the way.  
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Consequently, Life cycle assessments are essential to understanding the true merits of a 

product. This means looking at the entire lifetime of a product from sourcing of raw materials 

through processing through use to disposal or recycling; and since keeping CO2 out of the 

atmosphere is the primary goal, how long the CO2 can be sequestered and kept out of the air is 

another critical factor. 

“Trapping” CO2 into concrete (e.g., mineral carbonation) is the best prospect for widespread 

use of CO2 in the near term. We use enormous amounts of concrete to construct buildings and 

infrastructure around the world. Moreover, regular production of cement (one of the main 

ingredients of concrete) is responsible for about eight percent of global greenhouse gas emissions 

because of the energy needed to mine, transport and prepare the raw materials, so finding ways to 

lessen its carbon intensity is important. 

 

Novelty: 
 

Market Expectations vs. CO2 Capture Capability 
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 A comparison between CO2 stability and the carbon-based products market & CO2 

stability and amount of CO2 recovered has been examined.  The input information is based on the 

report by the Global CO2 Initiative, 2016.According to GCI the market size and CO2 reduction 

potential can be significantly impacted by acting now, the potential CO2 reduction due to 

implementing strategic key actions from five markets. For example, the fuel market can increase 

the CO2 reduction by 15-fold (from 0.03 b tons to 0.5b tons). Moreover, the market for CO2-based 

fuels can be quadrupled by 2025 (from $50b to $200b) [11]. It can be concluded that those 

products with a high capacity of CO2 storage (e.g., aggregates), have the most stable state of CO2. 

The process of MC allows the carbon dioxide to stabilize to the point that it can be stored for 

hundreds of years. Conversely, CO2 in fuels is less stable and it’s burned within months. If one 

looks at this from an economic perspective, MC offers a more reliable storage opportunity, if the 

cost of carbon capture is weighted against the long-term carbon displacement benefits- MC is the 

most cost effective and efficient products currently in the market. 
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1.1. Overview 
 

The world is entering an era where renewables will make up an increasing share of our 

electricity supply; moreover, this electricity stock will extend to other energy forms and the 

production of carbon-based commodities. Effective shifts of global energy systems could well 

foster wide-ranging economic growth, energy efficiency and affordability, and energy supply 

security. However, despite the enormous efforts to mitigate environmental depredation, it is sorely 

evident that we are extremely far to meet the targets for preventing temperature rise of 1.5°C to 

which nearly all nations have agreed [1]. 

According to Our World in Data journal, the global average temperatures have increased 

by more than 1℃ since pre-industrial times. The global average temperature rise is usually given 

as the combined temperature change across both land and the sea surface. However, it is important 

to note that land areas change temperature, both warming and cooling much more than oceanic 

areas. Overall, global average temperatures over land have increased around twice as much as the 

ocean [2]. 

 

 

 

Figure 1.1. Global average temperature anomaly [3] 
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Furthermore, the Northern Hemisphere has more mass, therefore, the change in average 

temperature north of the equator has been higher than the Southern Hemisphere.   

Finally, there are some regions in the world where temperatures can be more extreme.  At 

very high latitudes, especially near the Poles, warming has been upwards of 3°C, and in some 

cases exceeding 5°C. 

These are, unfortunately, often the regions that could experience the largest impacts such 

as sea ice, permafrost, and glacial melt. Monitoring the average global temperature. 

Multiple gases contribute to the greenhouse effect that sets Earth’s temperature over geologic 

time. However, the three main GHGs responsible for a large portion of recent global warming are: 

CO2, CH4, N2O (Table 1.1)  [3]. 

 
 

 

 

 

 

 

 

 

 

 Most of the CO2 emissions is due to the combustion of fossil fuel and industrial processes 

in order to generate electricity and heat Figure 1.2 [5]. Additionally, other industrial processes 

related to the production to steel, cement, and some chemicals play a significant role in the 

emissions of GHGs.    

Global GHGs emissions can also be broken down by a range of sectors and processes. The 

overall picture demonstrates that almost three-quarters of emissions come from energy use; almost 

one-fifth from agriculture and land use; and the remaining 8% from industry an waste Figure 1.3 

[6]. 

Figure 1.4 shows the production of CO2 (i.e., production-based CO2 not where is finally 

consumed) by country. The three major emitters are Asia, North America, and Europe. Asia is by 

far the largest emitter, accounting for 53% of global emissions (based on 2017 data), 

approximately 10 billion tons each year, more than one-quarter of global emissions. North 

America- dominated by the U.S.- is the second largest regional emitter at 18% of global emissions; 

followed closely by Europe (EU-28) with 17% [6] 

Greenhouse gas Chemical formula Atmospheric lifetime-
yrs. Major Sources 

Carbon Dioxide CO2 100 Fossil fuel combustion; 
Deforestation; Cement production 

Methane CH4 12 Fossil fuel production; Agriculture; 
Landfills 

Nitrous Oxide N2O 121 
Fertilizer application; Fossil fuel and 

biomass combustion; Industrial 
processes 

Table 1.1. Atmospheric lifetime and Sources of three major GHG’s [4] 
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Figure 1.2. Global GHG Emissions by Gas [5] 
 

 

 

 

Figure 1.3. Where do GHG global emissions come from-2016 [6] 
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Figure 1.4. Where do GHG global emissions come from-2017 [6] 
 

CCUS is an appealing approach to combat global warming not only because of its prospective 

for emissions curtailment but also because it allows for the creation of valuable commodities such 

as fuels, construction materials, plastics, and other useful products. 

There are different commercial technologies to capture CO2 from a stationary source (e.g., 

coal-fired power plants). The CCUS process usually involves CO2 separation (either from the flue 

gas or other intermediate streams) followed by pressurization, transportation, and sequestration. 

According to the International Energy Agency’s roadmap, 20% of the total CO2 emissions should 

be removed by CCUS by year 2050 [7].  

There are three categories of CO2 capture systems that could be used at power stations and 

industrial emitters: post-combustion, pre-combustion and oxy-firing Figure 1.5 [8].  

In post-combustion capture, CO2 is separated from the flue gas after the combustion of fossil 

fuel. This process can be added, or retro-fitted, to existing power stations, either coal or natural 

gas-fired. 

During pre-combustion capture the fossil fuel is reacted with steam and oxygen, producing a 

synthetic gas (syngas) which is made up of mostly carbon monoxide (CO), carbon dioxide, and 

hydrogen (H2). An additional reaction with water (known as a water gas shift) can be used to 

convert the residual carbon monoxide to CO2 and additional hydrogen. The CO2 is removed, and 

the H2 can then be combusted or oxidized electrochemically to produce electricity [9].    
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Oxy-firing combustion capture includes the combustion of fuel (coal or gas) in pure oxygen 

or oxygen-enriched air. The process can produce about 75% less flue gas than air-fueled 

combustion and the exhaust consists of between 80-90% CO2. The remaining gas is water vapor, 

which simplifies the CO2 separation step. An air separation plant is required to produce pure 

oxygen for the process from air.  

 

 

Figure 1.5. Summary of CO2 capture technologies  [8] 
 

 

Cutting carbon emissions takes smart policies, innovative technologies, business leadership, 

and simple steps to shrink our own carbon footprint [3]. Current climate and energy policies could 

decrease global warming relative to a world with no climate policies in place. It can also be 

observed, future GHG emissions states under a variety of assumptions: (1) no climate policies; (2) 

current policies continue to be implemented; (3) if all countries realized their current and future 

pledges and targets to reduce GHG emissions; (4) follow the crucial pathways that are fitting with 

curbing global warming to 1.5°C or 2°C [10]. 
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1.2. Carbon Capture Utilization and Storage (CCUS) 
 

Carbon Capture Use and Storage (CCUS) is a proposal to commodify CO2 that has been 

removed from the atmosphere by using it as a feedstock in manufacturing, so it becomes “stored” 

in manufactured goods.  

The primary critique of CCUS is that emissions are not effectively removed or sequestered 

but are embedded in products or used in a way that CO2 will be re-released into the atmosphere. 

There are also additional emissions in the production, transport and infrastructure required. This 

means that overall, CCUS is likely to create emissions rather than reduce them.  

One way that CO2 can be utilized is by chemically processing and converting it into chemicals 

and synthetic fuels. This can be achieved through carboxylation reactions where the CO2 molecule 

is used to produce chemicals such as methane, methanol, syngas, urea and formic acid. CO2 can 

also be used as a feedstock to produce fuels (e.g., in the Fischer–Tropsch process) [11]. 

However, using CO2 in this manner is energy intensive since it is thermodynamically highly 

stable: a large energy input is required to make the reactions happen. Furthermore, chemicals and 

fuels are stored for less than six months (Ref. X) before they are used, and the CO2 is released back 

into the atmosphere very quickly. As with mineral carbonates, this is CCU, and not CCS.  

Taking the CO2 released from fossil fuel combustion and converting the gas into valuable 

chemicals and materials is a promising approach to protect the environment. But because CO2 is a 

very inert and stable molecule, it is difficult to get it to react using conventional conversion 

processes 

Captured CO2 can theoretically be made into any kind of fuel or chemical that is currently 

based on petroleum. The trick is figuring out how to do it so the product is cost-competitive with 

fossil fuel-derived products and ends up benefitting the environment. Because CO2 is a stable and 

non-reactive molecule, meaning that it won’t react to form other chemicals unless a substantial 

amount of energy is added, processes to convert it to other products can be expensive. Ultimately 

the benefit of CO2-based chemicals depends on the carbon intensity of the energy inputs, as well as 

the durability of the product. (CO2-based chemicals and fuels may be burned or processed within 

days or weeks, releasing their CO2 back into the atmosphere.) 

Overcoming this means finding products that don’t need this energy boost or finding less 

energy-intensive ways to convert CO2. The processes to convert CO2 to a product require many 

reaction and separation steps and large energy inputs along the way.  

Consequently, Life cycle assessments are essential to understanding the true merits of a 

product. This means looking at the entire lifetime of a product from sourcing of raw materials 
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through processing through use to disposal or recycling; and since keeping CO2 out of the 

atmosphere is the primary goal, how long the CO2 can be sequestered and kept out of the air is 

another critical factor. 

“Trapping” CO2 into concrete (e.g., mineral carbonation) is the best prospect for widespread 

use of CO2 in the near term. We use enormous amounts of concrete to construct buildings and 

infrastructure around the world. Moreover, regular production of cement (one of the main 

ingredients of concrete) is responsible for about eight percent of global greenhouse gas emissions 

because of the energy needed to mine, transport and prepare the raw materials, so finding ways to 

lessen its carbon intensity is important. 

CO2 gas can be turned into a solid aggregate for concrete; this can be done with only minimal 

external energy, which is one reason why CO2 use in concrete has the largest potential in the short 

term. 

Because CO2 is a stable molecule, transforming it into a different molecule is normally energy 

intensive and costly.  Catalysts speed up chemical reactions and form the backbone of many 

industrial processes.  

All the aforementioned technologies are being commercialized to varying extents and levels 

of success. Except for EOR, which is a well- established process, companies involved tend to be 

start-ups aiming to profit on the back of hype around negative emissions, to increase the value of 

captured CO2. 

 

1.3. CCUS- Market Overview 
 

CCUS is a noteworthy path towards remediating global warming, especially in the short-to-

medium term, during a complete transition to decarbonization. Moreover, it allows for the creation 

of valuable commodities based on the Carbon atom.  

A comprehensive market assessment study finalized in 2016 by the Global CO2 Initiative 

(GCI), presents a roadmap for potential commercialization of CCU technologies through 2030. 

The work identified four major markets and eight product categories critical to driving further 

investments and innovation at an accelerated pace. Funding and incentives are necessary for most 

of these products to accelerate development and achieve full-scale commercial roll out capability 

[12]. 
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• Building materials or Concrete  
§ Carbonate aggregates 

• Chemical Intermediates  
§ Methanol 

• Formic acid  
§ Syngas  

• Fuels 
§ Liquid fuels  
§ Methane 

• Polymers (polyols and polycarbonates)  
 

According to GCI the market size and CO2 reduction potential can be significantly impacted 

by acting now. Figure 1.6 shows a comparison between the potential CO2 reduction and the market 

size due to implementing strategic key actions from five markets. For example, the fuel market can 

increase the CO2 reduction by 15-fold (from 0.03 b tons to 0.5b tons). Moreover, the market for 

CO2-based fuels can be quadrupled by 2025 (from $50b to $200b) [12]. 

 

 

Figure 1.6. Potential CO2 reduction and market size comparison of CO2 emission due to implementing 
strategic actions key [12] 
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According to GCI the recommended strategic actions to meet climate goals and accelerate 

commercialization of carbon-based products are [12]: 

Technology: fund applied research on technologies and applications that have the highest CO2 

abatement potential. 

Market: make funding available to established collaborations among research institutes, start-

ups, governments and corporations for process integration of CO2 conversion, hydrogen generation 

and carbon capture. Policy: supportive policies can help start and build markets for CO2U 

products. 

 

 

 

Figure 1.7. Potential increase in market size due to implementation of strategic actions key [12] 
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At full scale, five CO2U products could create a market over US$800 billion by 2030 Figure 

1.6. CO2U has the potential of utilizing 7 billion metric tons of CO2 per year by 2030- the 

equivalent of approximately 15% of current annual global CO2 emissions Figure 1.7 [12] 

 

1.4. Renewable Energy Technologies, Their Market, and the Covid-19 
Pandemic 

 

Nearly every international climate change scenario under the 2015 Paris Agreement shows the 

need for a vast ramp-up in CCUS technologies to meet global targets. Timing matters, not just 

scale.  

CCUS technologies must be deployed at scale swiftly if the Paris Agreement’s objective of 

holding the increase in the global average temperature to well below 2℃ above pre-industrial 

levels is to be attained [13].  

Prior to the recent Covid-19 pandemic, the enactment of the rules for the Paris Agreement 

were expected to be finalized in 2020 [13]. However, due to the global pandemic the  26th 

Conference of the Parties was rescheduled for November 2021 in Glasgow, Scotland [14].   

The Covid-19 crisis has caused people to have limited social freedom, massive loss of jobs, 

and worldwide deaths. On the other hand, it has led to a decline in domestic waste because people 

who are quarantined for long periods of time are fearful of waste due to their sociological 

distresses. Moreover, the decrease of GHG emissions has significantly declined due to the 

abridged use of major means of transportation, the reduction of industrial operations, and the 

educational and social constraints. However, these changes in paradigm have not been enough to 

curtail air pollution and the damaging escalation of global warming.   

Despite all the worldwide challenges the pandemic has caused, the growth in renewable has 

not diminished. In 2021, renewables are expected to show their resilience; the majority of the 

delayed projects are expected to come online, leading to a rebound in new installations [15]. As a 

result, 2021 is forecast to reach the same level of renewable electricity capacity additions as in 

2019. Despite the rebound, combined growth in 2020 and 2021 is almost 10% lower compared to 

the previous IEA forecast published in October 2019 [16].  

Covid-19 has brought the generation of energy from fossil fuels to breaking point. As the 

lockdown measures were introduced, global energy demand dropped precipitously at levels not 

seen in 70 years [15]. The IEA estimated that overall energy demand contracted by 6% and 

energy-related emissions decrease by 8% for 2020. Moreover, projections estimated a drop in oil 

demand of approximately  9% and coal 8% while crude oil is at record-low prices [16].  
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With the fall in demand, renewable sources (mainly wind and solar) saw their share in 

electricity substantially increase at record levels in many countries [17]. However, the renewable 

energy market has experienced a downfall due to problems such as delays in the supply chain, 

problems in tax stock markets, and the risk of not being able to benefit from government incentives 

ending in 2020 [18] and most likely in 2021 as well. 

Although the pandemic is circumstantial and unexpected, the current outcome for the power 

sector is not. The continuing increase in renewable energy into the grid results from a mixture of 

past policies, regulations, incentives, and innovations embedded in the power sectors of many 

forward-thinking countries [15].  These are three key factors behind the increase in renewable 

energy during this crisis:  

 

1.  Renewables have been supported by favorable policies. In many countries, renewables 

receive priority through market regulation. The priority for the first batch of energy to the network 

is given to the less expensive source, favoring cheaper and cleaner sources. 

2.  Continuous innovation. Renewable energy has become the cheapest source of energy. 

IRENA recently reported that the cost of solar had fallen by 82% over the last 10 years [19], while 

Bloomberg New Energy Finance (BNEF) states that renewable energy is now the cheapest energy 

source in two-thirds of the world [20]. 

3.  Preferred investment. Renewable energy has become investors' preferred choice for new 

power plants. For nearly two decades, renewable energy capacity has grown steadily, and now 

72% of all new power capacity is a renewable plant [21].  

 

As businesses, industry, and households focus on resuming their operations, the lockdown 

offers a real sense of opportunity for the energy sector. It creates plenty of lessons about clean 

energy policy, changes in demand patterns, and knowledge for a greener grid without 

compromising the 

security of supply. It also begins further opportunities for investment and innovation [15] . 

Imperial College reported on June 2020, that renewable power shares offer investors not only 

higher total returns relative to fossil fuels but also lower annualized volatility [22]. 

As governments begin to structure new regulations and support businesses for the post-Covid-

19 world, they are drawing up stimulus plans in an effort to counter the economic damage from the 

coronavirus and secure greater investment to become more competitive. These stimulus packages 

offer excellent opportunities [18] to ensure that crucial tasks of building a safe and sustainable 

energy future does not get lost among the flurry of immediate priorities.   
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Large-scale investment to boost the development, deployment and incorporation of clean 

energy technologies (e.g., solar, wind, hydrogen, batteries, CCUS) needs to be an essential part of 

governments’ plans because it will bring the dual benefits of stimulating economies and 

accelerating clean energy transitions [18]. Strong political backing can provide clear policies and 

long-term plans, governments can reduce the uncertainty that is holding back investors and 

business from channeling far more money into sectors like renewables [23]. 

The coronavirus crisis is already doing substantial damage around the world. Rather than 

compounding the tragedy by allowing it to hinder clean energy transitions, we need to seize the 

opportunity to help accelerate them. At the heart of the matter is energy [7], which is responsible 

for more than two-thirds of global greenhouse gas emissions [3]. To put the world firmly on track 

to meet international climate goals, the industry and governments need to take action to make sure 

those emissions peak as soon as possible and then put the effort toward driving them into a steep 

decline [23]. 

  



 

18 

 

1.5. Biogas Production and Utilization at Full-Scale Wastewater Treatment 
Plant 

 

Biogas is a gas produced by anaerobic fermentation of different forms of organic matter and is 

composed mainly of CH4 and CO2 Figure 1.8. With little to no processing, biogas can be burned 

on-site to heat buildings and power boilers. Biogas can be used for combined heat and power 

(CHP) operations, or biogas can simply be turned into electricity using a combustion engine, fuel 

cell, or gas turbine, with the resulting electricity being used on-site or sold onto the electric grid 

[24]. 

Biogas systems turn the cost of waste management into a revenue opportunity [25]. 

Converting waste into electricity, heat, or vehicle fuel provides a renewable source of energy that 

can reduce dependence on foreign oil imports, reduce GHG emissions, improve environmental 

quality, and increase local jobs [24]. 

 The U.S. has over 2,200 sites producing biogas: 191 anaerobic digesters on farms, 

approximately 1,500 anaerobic digesters at wastewater treatment plants (only 250 currently use the 

biogas they produce) and 576 landfill gas projects. By comparison, Europe has over 10,000 

operating digesters; some communities are essentially fossil fuel free because of them [26]. 

 

 

Figure 1.8. Value-added anaerobic digestion of biomass-to-biogas, biomethane, electricity, C-rich and 
fertilizers and algae-derived value-added products  [27] 

 

Different studies have focused on solutions to increase the energy efficiency of WWTPs. The 

goal of having WWTPs as net energy producers is an ambitious yet feasible one [28] [29]. The 

self-sufficiency target is deemed an achievable one since wastewater already contains two to four 

times the amount of energy needed for the wastewater treatment process [30].   
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Reducing energy consumption and increasing the efficiency of energy production are both 

required to have positive energy WWTPs. Measures to reach self-sufficient WWTPs are listed 

below [31]. 

 

• Process optimization: this approach consists in installing smart meters [32] within the plant 

and developing control systems for the optimal operation of aeration systems and water pumps 

(aeration is part of the secondary biological treatment, which takes more than 50% of the 

overall electrical consumption [33] [34]. EPRI has estimated that, in wastewater facilities, 10-

20% energy savings are possible through better process control and optimization [35].  

• Enhanced biogas yield: currently, anaerobic digestion (AD) biogas can only provide around 

50% of the total energy consumption [36]. However, sludge pre-treatments [30] can lead to an 

increase of the biomethane yield. 

• Efficient on-site combined power and heat (CHP) generation: the use of fuel cell systems 

(e.g., SOFC plants) can increase further the on-site electricity generation, which is key to self-

sufficiency. 

• Co-digestion of sludge with food waste is also an interesting option to increase the overall 

biogas output.  

 

Self-sufficiency has been already achieved, for example, in the Strass im Zillertal Wastewater 

Treatment Plant in Austria [37]. Here, thanks to sludge pre-thickening systems, improvement of 

the aeration system, development of an innovative nitrogen removal equipment and increasing the 

CHP efficiency,  energy self-sufficiency has been reached already in 2005 [37] when the onsite 

production overtook electrical consumption. 

 In this context, the use of the CO2 compound contained in the biogas stream is used to 

enhance the energy conversion process. In this case CO2 takes part in the energy transition 

pathway which is portion of the utilization part in the CCUS procedure. In fact, the second part of 

this work concentrates on a case study where a high-efficiency fuel-cell based CHP is used to 

promote self-sufficiency within a medium-size plant located in Torino (IT). The 174 kWe Solid 

Oxide Fuel Cell (SOFC) produces energy from biogas with an electrical efficiency above 53% and 

zero pollutant emissions to the atmosphere. The system will cover around 30% of the WWTP 

electrical load. (Frontiers). 
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Power-To-Fuel Through Carbon Dioxide Reutilization And High 
Temperature Electrolysis: Technical And Economical Comparison Between 

Synthetic Methanol And Methane 
 

E-fuels are synthetic fuels, resulting from the mixture of ‘green or e-hydrogen’ formed by the 

electrolysis of water with renewable electricity and CO2 captured either from a concentrated 

source (e.g., flue gases from an industrial site) or from the air (via direct air capture, DAC). E-

fuels are also described in the literature as electrofuels, power-to-X (PtX), power-to-liquids 

(PtL), power-to-gas (PtG) and synthetic fuels [38]. 

 

Feedstock related technologies 
 

 Hydrogen electrolysis:  

E-hydrogen (also called ‘green hydrogen’) is used as a feedstock for producing e-fuels. It can 

also be a final product; it is produced by electrolysis from water.  

Different electrolysis technologies can be used for producing hydrogen. These include low-

temperature (50 to 80°C) technologies such as an alkaline electrolysis cell (AEC), proton 

exchange membrane cell (PEMC), or high-temperature (700 to 1,000°C) processes using a 

solid-oxide electrolysis cell (SOEC) [39].  

 CO2 capture:  

The production of e-fuels requires CO2 which can be obtained from various sources 

including biomass combustion, industrial processes (e.g., flue gases from fossil oil 

combustion), biogenic CO2, and CO2 captured directly from the air. E-fuels production 

routes consist of e-hydrogen reacting with captured CO2, followed by different conversion 

routes according to the final e-fuel (such as the methanization route for e-methane; 

methanol synthesis for e-methanol. E-fuel costs are currently relatively high (up to 7 

euros/liter) but are expected to decrease over time due to economies of scale, learning 

effects and an anticipated reduction in the renewable electricity price; this is expected to 

lead to a cost of 1–3 euros/liter (without taxes) in 2050. therefore be 1–3 times higher than 

the cost of fossil fuels by 2050. The most important drivers for the future cost of e-fuels are 

the costs of power generation and the capacity utilization of conversion facilities [39].  
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E-fuels advantages: 
 

The main advantage of these low-carbon fuels are [39]: 

• E-fuels achieve a significant CO2 reduction versus their equivalent fossil-based fuels,  offering 

a compelling complementary alternative for low-CO2 mobility  

• E-fuels have a higher energy density compared to electricity and can thus be used in the 

aviation and shipping sectors where no electricity-based alternatives can be found in the short 

to medium term. 

• Liquid e-fuels are easier (and relatively inexpensive) to store, and transport compared to 

electricity. They can be kept in large-scale stationary storage over extended periods, and 

mobile storage in vehicle tanks, which can compensate for seasonal supply fluctuations and 

contribute to enhancing energy security. 

• Existing infrastructure can remain in use for transportation and storage (for example, gas 

transport networks, liquid fuels distribution infrastructure (pipelines), filling stations,   storage 

facilities, and the entire rolling stock and fuel-based vehicle fleets).  

• Some e-fuels could be deployed immediately across the whole transport fleet without any 

major changes in engine design. Liquid e-fuels are an alternative technology for reducing 

GHG emissions in both existing and new vehicles without requiring the renewal of the fleet.  

• A high blending ratio is potentially possible when adding methane to natural gas, and liquid e-

fuels to conventional fossil fuels, provided they meet the corresponding specifications.  

• E-fuels would likely have positive impacts on environmental air quality because of the 

favorable combustion characteristics of the molecules produced.  

• Finally, these synthetic molecules could be used also as precursors of other chemical processes 

and products, widening their market capabilities. 

 

Examining the methane production plant Figure 1.9, the great exothermicity of the reaction 

allows for an exceptional thermal integration between the fuel synthesis and the steam generation, 

minimizing and making almost zero the external heat requirement. The strong thermal integration, 

combined with the high conversion reached within the catalytic reactors, leads to high conversion 

efficiency (≈ 77%). On the other hand, for the methanol production Figure 1.10 a higher reaction 

pressure is required. Therefore, if the higher reaction pressure is combined with the minimal heat 

available from the reactor, the efficiency of the system is diminished (≈ 58%) because of the larger 

demand for external energy. The need of higher pressure for methanol production means that the 

initial investment and O&M costs are greater [40]. 
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Figure 1.9. Synthetic Methane from captured CO2 using renewable energy [41] 
 

 

 

 

Figure 1.10. Methanol fuel from CO2- Synthesis captured CO2 using surplus electricity [41] 
 

 When evaluating a sensitivity analysis, it was visible that the two studied systems present 

similar economic performance, unlike the difference between the efficiency of the two analyzed 

concepts, as the marked cost of the two-fossil counterpart (fossil methane and fossil-produced 

methanol) are different. 

 It was concluded that, to produce an economically attractive market for e-methane and e-

methanol, in the present market conditions, the production plants should maintain a utilization 

factor of approximately 50%, the cost of SOECs should be near to 1050 €/kW and the electricity 

required to run the system needs to be supplied from renewable sources at a low cost (below 40-50 

$/MWh) [40]. 
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1.6. Mineral Carbonation of High Calcium Fly Ash 
 

Mineral carbonation (MC), a carbon capture utilization and storage (CCUS) technology that 

can capture large quantities of CO2 and convert it into stable carbonate products that can easily be 

used in the concrete market. The focus of this investigation is the process of mineralizing fly ash 

(FA) by CO2, two underutilized by-products formed at coal power plants, with the purposes of 

creating carbonated fly ash (CFA). CFA is a commodity that can permanently capture CO2 but also 

has the advantage to be a complementary cementitious material used in the concrete/construction 

industry.  

The evaluation of the work brings forward pragmatic evidence that MC production has the 

potential to deliver net positive revenue and its commercial feasibility is a realistic venture. 

However, the prospective of a new direction of cementation by the carbonation of FA is still 

maturing but with great potential for accelerated commercialization.  The intensification of 

environmental and economic benefits generated by this new pathway for cementation are 

substantial if compared to the current methods of using FA in the construction industry. Yet, 

existing carbon policies, especially those referring to S&R, are shown to have a weak influence in 

the advancement of this enterprise. Well-designed policies can help start and build markets for 

CCUS technologies; moreover, they will play an important role in the future success of these 

innovations.  

MC technology is one type of CCUS technologies that has the capacity of capturing and 

storing CO2 while transforming it to solid inorganic carbonates (e.g., calcium and magnesium 

carbonate minerals) by means of chemical reactions. It is one of the few CCUS alternatives that 

results in permanent storage of CO2 as a solid, with no need for long term monitoring [42]. Due to 

the product’s stability over long periods of time it makes it ideal for the construction industry 

furthermore, it eliminates the concern of potential CO2 leaks that could pose safety or 

environmental risks  

Figure 1.11 [43].  

However, MC reaction progresses at an extremely slow rate under natural ambient conditions, 

to the degree that it limits the realization of any economic benefits of CO2 sequestration [44].  The 

process could be enhanced and industrially applied to fix gaseous CO2 into a solid carbonate 

regulating the operating variables and accelerating the kinetic of the process [45]. Currently there 

are different techniques to carry-out this endeavor; nevertheless, in all these cases, the process is 

referred as accelerated carbonation. 
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The use of fly ash has great prospective to diminishing GHG emissions by reducing mining 

activities, reducing CO2 creation during the fabrication of materials that can be replaced by fly ash 

(e.g. Portland cement), curtailing the disposal problem usually in storage ponds and waterways, 

and aiding in the development of land utilization [46].  Moreover, with the necessity of controlling 

the emissions of CO2 at local point-source, the use of coal combustion fly ash as a feedstock for 

CO2 storage, has the benefit of on-site application at coal- fired power plants [47]. In this way the 

costs for carbon capture and storage, transfer, disposal, and treatment are reduced.  Consequently, 

the final carbonated product is much safer for disposal or has the potential for re-use as a 

construction material or additive [48].  

 

 

 
Figure 1.11. Mineral Carbonation [5] 
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1.7. Carbonated Fly Ash Markets 
 

The biggest near-term prospect for utilizing CO2 is in cement used in concrete materials [49]. 

This is because of the large volume of these materials used commercially, their permanence, and 

the favorable chemistry that revolves around it. The billions of tons of CCUS potential in cement 

denote low-margin, highly standardized markets that are challenging to penetrate with new 

products [50].  

Successful businesses to date have concentrated on making incremental modifications to 

traditional concrete formulation to abate the acceptance challenges, or on niche markets. Sizeable 

infiltration into the billion-ton global cement market will be very slow by this scheme. On the 

other hand, the use of carbonated solids, such as CFA, does not face such significant difficulties to 

enter the market, but does face significant cost burdens. With building materials being so 

economical, even in high-priced markets like California, it is unlikely that an industrial process 

making a CO2 -based product will be competitive simply on price. For a type of business like this 

to flourish, long-term policy frameworks need to be established. 

The billions of tons of prospective market and carbon mitigation also seem to require 

important technology development to be accessible. Direct CO2 utilization as an additive in 

conventional products is the most technologically mature approach, and if regulatory acceptance 

can be realized, this method could utilize certain percent CO2 by weight of concrete in construction 

applications where the “green” approach of the product is valued. With the EU, US, and China all 

showing signs of such valuation, this market will most likely expand. Especially in the EU, cement 

manufacturers are reporting their carbon footprints and contending to lower them. This effort is 

largely focused on more efficient clinker production and using less clinker, which has resulted in a 

22% reduction in carbon footprint for the European manufacturer Heidelberg Cement since 1990 

[51]. Efforts such as this will have a major impact on overall emissions, and as efficiency limits are 

reached, these companies may be expected to take on new carbonation tactics to continue their 

reductions.  

  



 

26 

 

1.8.  CCUS Policies and Regulatory Framework 
 

The case for policies to support CCUS technologies and carbon-based products is strong. 

There is a need to explore both incentives and credits as well as carbon price.  

A carbon price can create enticements for CO2 utilization in two ways. First, capturing CO2 

and using it in an economically valuable product could be the cheapest compliance strategy for 

some emitters. In the short- term this may be unlikely in most cases due to the high cost of CO2 

capture and conversion [52]. However as capture and utilization costs drop, there will be more 

occurrences in which this is a company’s best compliance approach. Second, a carbon price may 

help incentivize private-sector investments in research and development on CO2 utilization, if 

market participants expect the price to endure for the medium or long term [53].   

Last year’s climate conference in Katowice failed to agree on a rule book for market-based 

cooperation of how to make NDCs (nationally determined contribution) more uniform under the 

Paris Agreement.  However, market-based mitigation policies are spreading around the world and 

carbon pricing initiatives at national and subnational level are being complemented by emerging 

international market schemes [54] 

CO2 utilization can be pursued to create products using new methods, materials, or 

feedstocks. In many cases, the products will need to follow existing codes and standards to be 

accepted in the marketplace. Often, there can be barriers within the codes and standards framework 

that dissuade products made using new technologies [55]. Codes and standards are typically 

overseen by members of government and industry and developed by consensus-based and 

voluntary commissions. Often, there are few incentives to update or expand existing standards. 

Further, even if the willingness exists, the changes to the regulatory framework can occur slowly. 

A process extending to 10 years is not unusual. The route to acceptance under codes and standards 

can be long enough to discourage the entrance of new technology into the market [56]. 
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1.9. Conclusion 
 

Carbon utilization technologies have a role to play in future carbon management and the 

circular carbon economy. To play a meaningful role in carbon management, carbon utilization 

needs to be done at scale. The scale of carbon waste utilization will depend on the pace of 

technology development and future energy, market, and regulatory landscapes. 

Pathways for carbon dioxide utilization include mineral carbonation, chemical utilization, and 

biological utilization. Pathways for methane utilization include chemical utilization, biological 

utilization, and direct use as fuel. These pathways involve multiple scales of operation, are at 

various stages of maturity, and require different energy inputs, feedstocks, and infrastructures. 

Like all technologies, a comprehensive evaluation of carbon utilization technologies would 

include evaluation at various maturity levels based on economic, market, regulatory, and 

environmental factors. Because carbon utilization technologies utilize waste streams and may 

involve social or regulatory barriers and incentives as well as disruptive change to energy and 

material manufacturers, there are unique facets to carbon utilization evaluation. 

Current reported technology assessments, such as life-cycle assessment and technoeconomic 

analysis, frequently do not provide the needed level of transparency, consistency, and accessibility. 

Advances in technology evaluation tools would need to take place in parallel with the development 

of carbon utilization technologies. 

 

A two-pronged approach 
 

Technical approach: it focuses on developing a complete understanding of the technical 

processes of capture, reutilization and storage of CO2, through the development and evaluation of 

mathematical models dealing with various technological, economic, and market scenarios. The 

study investigates barriers and opportunities associated with promising CCUS technologies and 

carbon-based products thriving in Europe and US. 

Business approach: assimilate the affairs associated with the process of commercializing 

renewable energy technologies by analyzing the link between technical innovations and policies, 

standards and regulations, global market demands, emissions trading systems, and public outlooks. 
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1.10. Thesis Plan 
 

 

 
Chapter 1 

Introduction and Overview 
 

Describes the main goal of this work. It gives an overall view of each of the chapters 

contained in this document as it related to CO2 global management, based on renewable energy 

technologies and processes (RETP), that have the likelihood to be commercialize within the next 

ten years. It reports on three different archetypes of renewable energy technologies which are 

collected under the umbrella classification of CCUS. Furthermore, it presents a general overview 

of CCU markets, business opportunities, policies, and the status of renewable energy technologies 

during the Covid-19 pandemic. 

 

Chapter 2  
State of the art for CCUS technologies 

 

Examines three emerging RETP (i.e., biogas & fuel cells, synthetic fuels, mineral carbonation 

of fly ashes) that fall into the CCUS paradigm and are either special, relatively new, or advanced 

forms of the mainstream energy sources. Each RETP sources’ explanation is followed by its 

market share, challenges, implications for increased adoption, prospects, and drawbacks.  

 

Chapter 3 
Biogas production and utilization at full-scale wastewater treatment plant 

 

Discuses a particular case related to the use of a CO2-blended gas in the processes of energy 

production using high temperature fuel cells such as SOFC.  The use of CO2 added to a carbon 

containing gas (i.e., natural gas or biogas) can have a positive effect on the process driven by the 

electrochemical machine, both in terms of preservation of the anodic electrode and in terms of 

global energy balance of the process. Furthermore, a proof of concept was conducted by a chosen 

as starting framework to perform the technical and economic simulation processes described in this 

work. 
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Chapter 4 
Power-to-fuel through carbon dioxide reutilization and high-temperature 

electrolysis: A technical and economical comparison between synthetic 
methanol and methane 

 

It conveys the study of the production of synthetic fuels, in this case, methane and methanol, 

by means of comparing two processes that employ high-temperature water splitting based on solid 

oxide electrolysis cells (SOEC) technology. In both cases, the process consists of mixing hydrogen 

produced by electrolysis with carbon dioxide in order to achieve hydrogenation synthesis via a 

catalytic reactor. An energy analysis was performed with special care on thermal integration 

(minimization of external heat requirements) via pinch analysis, as well as a final estimation of 

power-to-fuel overall efficiency. An economic analysis comparison for the production cost of both 

synthetic fuels was performed with the purpose of highlighting any potential risk associated with 

the systems. The economic analysis considered the impact on synthetic fuel cost of some 

parameters as electrolysis specific costs, the expenditure for carbon dioxide, electricity price, and 

yearly operating hours.  

 

Chapter 5 
Mineral carbonation of high-calcium fly ash, business opportunities, and 

policies & regulations related to CCUS technology 
 

It reviews the process of accelerated mineral carbonation (MC), a CCUS technology that can 

capture large quantities of CO2 and convert it into stable carbonate products that can easily be used 

in the concrete market. This work focuses on High Calcium Fly Ashes (HCFA) which is produced 

when lignite carbon is burned in coal power plants. High Calcium Fly Ashes are reactive materials 

that often do not meet the limits of regulatory standards due to the high content of lime; 

consequently, limiting the use of the ashes in construction applications. However, when HCFAs 

are carbonated through MC it lowers the amount of free lime content, hence, meeting the 

specifications limitations and therefore increasing the utilization rate. Moreover, carbonated HCFA 

can store a significant amount of CO2 and as a complementary cementitious material it augments 

some physical, behavioral, and structural properties of the concrete (e.g., compressive strength, 

workability, reduced water demand, etc.).  

The goal of the work  in this chapter is two-fold, (1) assess potential paths to commercialize 

carbonated HCFA, and (2) evaluate existing standards and national specifications concerning the 

use of High Calcium Fly Ashes (HCFA) in construction; furthermore, compare American (ASTM) 

vs. European (EN) standards related to the utilization of HCFA fly ash and determine if there are 
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common grounds in the literature to propose a standardize classification system that can be used at 

an international level. 

 

Chapter 6  
CCUS market, economy, and policy of CCUS: United States vs. Europe  

 

It examines the challenges to accelerate the deployment and commercialization of CCUS 

technologies by identifying the barriers and opportunities that hinder the process.  Funding and 

incentives are necessary for most of the new technologies and carbon-based products to accelerate 

development and achieve full-scale commercial roll out capability.  A comparison of EU and US 

CCUS policies is developed, and an in-depth evaluation of cultural differences as a causation for 

major variations in national renewable energy policies is carried out.   

 

Chapter 7 
Conclusion 

 

Compilation of the results presented in the chapters of this work related to CCUS 

technologies, their market, policies & regulations, and the influence of the Covid-19 pandemic in 

the present and future status of RETP and CCUS  .  
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2. STATE OF THE ART FOR CCUS TECHNOLOGIES 
 

CCUS encompasses technologies and manufacturing of carbon-base products that originate 

with the capture of CO2 from large point sources including power generation or industrial facilities 

that use either fossil fuels or biomass for fuel; distributed sources (e.g., CO2 concentrated in the air 

through the direct air capture technology), and biological sources (e.g., anaerobic digestion biogas 

undergoing an upgrading process often leaves a concentrated CO2 stream as by-product), or from 

bio-syngas coming from the gasification of biomass of mixed origin [57] [58]. If not being used 

on-site (ex-situ), the captured CO2 is compressed and transported by pipeline, ship, rail or truck to 

be used in a variety of applications or injected into deep geological formations (including depleted 

oil and gas reservoirs or saline formations) which trap the CO2 for permanent storage.  

Carbon utilization technologies convert gaseous carbon waste feedstocks (carbon dioxide or 

methane) into a wide range of commercial products and applications [59]. Generally, CCU can be 

categorized into three main pathways: mineral carbonation to produce construction materials, 

chemical conversion to produce chemicals and fuels, and biological conversion to produce 

chemicals and fuels. Methane utilization pathways include chemical and biological conversion to 

produce chemicals and fuels, as well as the direct use of methane as a fuel [60].  These 

technologies have the potential to transform waste streams into resources, reduce greenhouse gas 

emissions, and in some cases generate positive economic returns Figure 2.1 [61].   

 

 

Figure 2.1. CO2 Utilization Supported Areas [58]. 
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The process of CO2 utilization is receiving increasing interest from the scientific community. 

This is in part due to climate change concerns and partly because utilizing CO2 as a feedstock can 

result in a less expensive or cleaner production process compared with using conventional 

hydrocarbons [62]. CO2 utilization is often fostered as a way to reduce the net costs—or increase 

the profits—of reducing emissions or removing carbon dioxide from the atmosphere, hence, a way 

to assist the scaling of mitigation or removal efforts [63].   

The landscape of CCU is multifaceted and diverse. It involves an extensive array of 

applications (e.g., conversion to building materials, conversion to liquid fuels), technologies (e.g., 

electrochemical conversion using fuel cells, thermal catalysis), energy requirements (i.e. 

exothermic vs. highly endothermic), and settings (i.e. large industrial sites vs. distributed 

applications) [64].  

It seems that there is enough potential and opportunity to grow commitment of resources into 

CCUS. It also appears that planning and investment decisions remain hindered by a lack of 

information, the dynamic nature of the technology, markets, and the changing policy landscape 

[65]. 
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2.1. Carbon Capture Technologies  
 
Meeting international climate goals, including net-zero emissions, will surely require some 

form of carbon removal. Carbon removal can neutralize or offset emissions where direct mitigation 

is currently technically challenging or excessively expensive, such as some industrial processes 

and long- distance transport [58]. Bioenergy carbon capture and storage (BECCS) and direct air 

capture storage (DACS) are an energy sector contribution to carbon removal and, if successfully 

deployed, can also mitigate slower progress in emissions reductions outside the energy sector [66].  

Another key attraction of CO2 capture technology is that it can be retrofitted to existing plants, 

many of which have been recently constructed or existing plants which permits have been renewed 

[67].  

CO2 is created during combustion and the type of combustion process directly affects the 

choice of an appropriate CO2 removal process. There are three main CO2 capture systems 

associated with different combustion processes, namely, post-combustion, pre-combustion and 

oxyfuel combustion Figure 2.2 [9].   

• pre-combustion: based on the scaled industrial processes for the production of hydrogen and 

chemical commodities fuel feedstocks (i.e., coal and natural gas) are converted into syngas (H2 

and CO) via gasification, steam reforming, auto thermal reforming, or partial oxidation and 

then CO is transferred into CO2 by water, with more hydrogen produced (the so-called water–

gas shift reaction, WGS), followed by carbon capture system to remove CO2. After CO2 is 

captured, the hydrogen-rich fuel gas is utilized for power and heat generation such as boilers, 

gas turbines, and fuel cells [68]. 

• post-combustion: to capture CO2 in the exhaust gases once the fuel has been fully burned with 

air. The commercially available post-combustion capture process is the chemical absorption-

based aqueous amine solution, such as 30% monoethanolamide (MEA) solution. Post-

combustion is considered as a more viable capture option for existing coal-fired plants [68]. 

• capture in oxy-combustion involves the combustion of fuel feedstocks in a nearly pure oxygen 

(95–99%) or O2– CO2–rich environment, resulting in a flue gas with very high CO2 

concentration, where the capture of CO2 is thus normally not needed, and CO2 is basically 

ready for sequestration. However, in order to obtain nearly pure oxygen (>95%) usually a 

cryogenic air separation unit is required for oxygen separation from air, which makes the 

whole process costly [68]. 
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Figure 2.2. CO2 Capture Processes  [9] 
 

Extensively used cleanup technologies for methane or CO2 can be generally split into four 

classes: (i) chemical absorption with basic media, normally aqueous, or physical absorption in 

liquid media; (ii) application of low temperatures (cryogenic); (iii) adsorption on a solid surface, 

followed by later removal under a temperature and/or pressure change; and (iv) membrane 

separation [9].  

Within these categories are a numeral of specific processes, prominent by the solvent, sorbent, 

or membrane used; processing conditions; and subsequent purity of the desired products(s). 

Selection of a particular process is greatly dependent on the specific gas stream to be treated and 

the conditions required for the purified gas stream. Each cleanup system has distinctive features, 

advantages, and disadvantages which comprise energy consumption, capital costs, and the 

production of by-product streams of contaminated cleanup media for removal [69]. 
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Carbon Dioxide Utilization (CO2U) 
 

 CO2U is the use of CO2 to produce or generate economically valuable products or services 

[70]. A wide range of CO2 utilization technologies are reviewed in this chapter, including CO2 to 

chemicals, fuels, and durable materials, CO2 to mineral carbonation and construction materials, as 

well as CO2 to biological algae cultivation and enzymatic conversion  Figure 2.3. 

Enhanced oil recovery (EOR), enhanced coal-bed methane (ECBM), and enhanced 

geothermal system (EGS) [71], are excluded from this work.  Furthermore, CO2 has also been used 

as refrigerant, as an extractive solvent, and as an additive in food and beverage products; as 

technologically mature processes that do not involve chemical transformations [72], these products 

are also outside the scope of this work. 

 

 

Figure 2.3. Options for reducing CO2 emissions or capturing emitted CO2 from the atmosphere  [61] 
 

The ranges of CO2 utilization cover both direct and indirect applications. CO2 can be naturally 

converted into materials via photosynthesis, ultimately producing biomass. Direct or technological 

use of CO2 includes applications such as the extraction of compounds with supercritical CO2, dry 

cleaning, and food industry uses, among others [73]. Indirect application use takes place given the 

fact that carbon free energy from renewable sources is available, captured CO2 can be converted into 

useful commodity materials, chemicals, and fuels that are currently produced from fossil fuels, such 

as oil and natural gas, using engineered chemical and biological processes [74]. Within indirect 

applications, carbon dioxide is transformed through conversion processes into value-added products 

(thermo-/electro-chemical and biological conversion of CO2). This results in secondary compounds 
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that can substitute their conventional counterparts, such as building materials, cement, CO2-cured 

concrete, fuels, and chemicals [75]. 

      When carbon-based products are used to produce marketable commodities, CO2U 

opportunities include both direct and indirect applications  Figure 2.4. In the first case, the main direct 

uses of carbon dioxide include food and beverages production, metals fabrication, heat transfer 

medium in refrigeration and supercritical power systems, yield boosting for biological processes 

(e.g., algae harvesting and fertilizers production) and injection into reservoirs for either enhanced oil 

recovery (EOR) or enhanced gas recovery (EGR). In all the above-mentioned processes, the CO2 

molecule remains unchanged in its chemical form and is entrenched in the service production process 

after impurities are eliminated [76].  

In the case of indirect applications, CO2 is transformed through conversion processes that break 

its chemical bonds and permits its conversion (upgrade) into value-added products. Both 

thermocatalytic conversion, electro-chemical reduction and biological conversion of CO2 can be 

applied. CO2 is thus converted into [77]: 

• secondary compounds that can substitute their conventional counterparts, such as building 

materials such as cement, concrete, and aggregates, or 

• substitute fossil-based material with alternative synthetic resources, such as fuels and chemicals 

to be introduced in the chemical, transport and energy production sectors (e.g., methane, 

methanol, Fischer-Tropsch, olefins, ethanol) [78] 

Often, the conversion to fuels and chemicals requires an intermediate step where syngas is 

produced (mixture of CO, CO2, H2 and CH4), before conversion to the end-products [77].  

 



 

37 

 

 

Figure 2.4. Routes for direct and indirect conversion of CCU processes and sources of CO2 [79] 
Conversion to inorganic products (mineral carbonation) 

 

Carbon dioxide into minerals and construction materials can follow in-situ and ex-situ 

processes [80]. In-situ CO2 processes inject carbon dioxide into geological storages rich in silicates 

and alkaline aquifers. By reaction of CO2 with minerals, calcium and magnesium silicates and 

carbonates can be obtained. With ex-situ applications, the carbonation process is chemically 

sustained in industrial plants, favoring the production of sodium, magnesium, calcium carbonates 

and sodium bicarbonate [81]. 

Mineral carbonation converts stable CO2 into an even more stable form of carbon, typically a 

carbonate, which can be used to produce construction materials such as concrete [82]. 

Mineralization encompasses reaction of minerals (mostly calcium or magnesium silicates) with 

CO2 to give inert carbonates [83]. The reaction to form carbonates itself requires no energy inputs, 

on the contrary, it releases heat, although significant energy is typically required to generate the 

requisite feed minerals [72]. The current blockage, however, for viable mineral carbonation 

processes on an industrial scale is the reaction rate of carbonation. Moreover, new formulations of 

materials such as concrete will require testing and property validation before being accepted by 

users and regulators for the market [84]. 

 

Chemical Utilization 
 

It is possible to use CO2 for the production of fuels and chemicals by reacting it with other 

molecules and/or providing electrochemical, photo-chemical, or thermal energy [85]. These 
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conversions require catalysts to overcome kinetic barriers. Because carbon in CO2 is in its most 

highly oxidized form, many of the resulting reactions are reductions, either through the addition of 

hydrogen or electrons [86]. Catalysts are important not only for making the transformation 

possible, but also for reducing the energy inputs to (ideally) the minimum amount dictated by the 

thermodynamics of the transformation, and discovery of appropriate catalysts and development of 

energy-efficient processes are current bottlenecks [72]. 

 

Biological Utilization 
 

Biological conversion involves using photosynthetic and other metabolic processes inherent 

to plants, algae, bacteria, and fungi to produce higher-value chemicals [87]. Several factors have 

expanded the collection of bio-based products that can be synthesized directly from CO2, including 

the large number of CO2-utlizing microorganisms, genetic modification of microorganisms, and 

tailoring enzymatic/protein properties through protein engineering. Biological utilization has a 

large range of potential uses in the development of commercial products, including various 

biofuels, chemicals, and fertilizers. However, biological utilization rates and scalability remain 

challenges [86]. 

 

2.2. Conversion Processes for Specific Carbon-Base Products 
 

Conversion of CO2 into fuels and chemicals 
 

The challenges associated with the conversion of CO2 into fuels and chemicals are primarily 

related to both its kinetic and thermodynamic stability [39]. CO2 cannot be converted into 

commodity chemicals or fuels without significant inputs of energy and contains strong bonds that 

are not particularly reactive [88]. Consequently, many of the available transformations of CO2 

require stoichiometric amounts of energy-intensive reagents. This can often generate significant 

amounts of waste and can result in large greenhouse gas footprints. The grand challenge for 

converting CO2 waste streams into useful products is to develop processes that require minimal 

amounts of nonrenewable energy, are economically competitive, and provide substantial 

reductions in greenhouse gas emissions compared to existing technology [72].  
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Emerging technologies for CO2 conversion into commodity chemicals and 
fuels based on product 

 

1. Methanol production:   

 
Usually is synthesized from syngas (H2 + CO) obtained directly from fossil fuels [89]. A 

small amount of CO2 (up to 30 percent) is generally added to the feed to improve 

performance [90]. This is successful in part because the mechanism of methanol production 

involves the initial conversion of CO and H2O to CO2 and H2 via the water gas-shift 

reaction (Eq. 1). In fact, the development of methods to increase the amount of CO2 in the 

syngas feed without causing a large decrease in methanol yield represents an opportunity to 

utilize waste CO2 that is produced during syngas production. Although this strategy is only 

viable if excess H2 is available, it could improve current technology and increase plant 

efficiency [86]. 

 

CO + H2O ⇌ H2 + CO2        (Eq. 1) 

 

The direct hydrogenation of CO2 to methanol could provide a more sustainable synthetic route 

if coupled with low-carbon methods for the production of H2 [89] [91]. Furthermore, the 

development of a practical method for the synthesis of methanol from CO2 could also facilitate a 

transition toward a methanol economy, in which methanol is used either directly as a fuel or as a 

source of H2 [92]. 

Researchers have developed several catalysts and reactors for direct hydrogenation of CO2 to 

methanol, but high rates and high methanol selectivity have only been possible using high 

pressures (>300 bar) [89] [93]. The cost of this technology presently is not competitive with the 

cost of methanol synthesis from syngas [72]. 

Improved catalysts are critically needed if the direct hydrogenation of CO2 to methanol is to 

replace methanol production from syngas. At this stage, significant amounts of research into the 

direct hydrogenation of CO2 to methanol have focused on using heterogeneous copper-based 

catalysts that are closely related to those used for CO conversion to methanol [91]. In recent years 

there have also been a number of reports of catalysts for CO2 hydrogenation to methanol which use 

metals other than copper and show promising activity [94] [95]. Two general challenges for 

catalyst development are product inhibition by water (the by-product of CO2 hydrogenation) and 

poor selectivity because of the competing reverse water gas-shift reaction between CO2 and H2 to 

generate CO and H2O. Once more efficient catalysts are developed, further attention can be given 
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to factors such as stability, cost, sustainability, and scale-up potential. Additionally, although 

ultimately a large-scale catalyst for direct methanol hydrogenation will almost certainly be 

heterogeneous, research into homogeneous catalysts, which is occurring in the academic 

community, may prove valuable for guiding the development of heterogeneous systems and for 

niche applications where a small amount of methanol is generated, for example as fuel to power a 

portable device [93].  

Finally, research is currently ongoing into the electrochemical reduction of CO2 to methanol 

in which protons and electrons are used as the H2 source. To date, however, most work reports the 

formation of methanol as a by-product [96]. Further exploratory and mechanistic research will be 

required to identify even more selective (and stable) catalysts that do not require organic 

electrolytes before electrocatalytic methanol production from CO2 can be considered for larger-

scale application.  

 

2. Methane production:   

 

Methane is widely used as a fuel and to make syngas [97]. Similarly, to methanol production, 

the synthesis of methane can be done exploiting the reaction between anthropogenic CO2 and 

renewable hydrogen. Under equation (Eq. 2), the hydrogenation of CO2 produces methane and 

water as by-product (Sabatier reaction) [98]. The operating temperatures are generally slightly 

higher than for methanol production and similar pressure values (250-400°C). The catalysts in this 

case are generally Ni-, Rh- or Ru-based [77] [99].  

 

CO2 + 4H2 ⇌ CH4 + 2H2O        (Eq.2) 

 

Research continues on the design of improved catalysts [98]. At this stage, the hydrogenation 

of CO2 to methane is not practical on a large scale and is unlikely to be so in the near future given 

the low price and abundant availability of methane from natural gas [86]. Additionally, there will 

be a significantly greater economic value in converting CO2 to many other chemicals compared 

with methane. As for the aforementioned thermochemical CO2-to-methane processes, at this time 

the electrocatalytic conversion of CO2 to methane, despite continued progress in the development 

of more selective catalysts, probably will not be pursued on a large scale given the global 

availability of low-cost methane derived from natural gas [72].  
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3. Fuel (hydrocarbon) production:   

 

Given that the majority of CO2 that is released in the atmosphere is from the combustion of 

fossil fuels, the development of methods to synthesize fuels from CO2 could result in a closed 

carbon cycle, where increases in concentration of CO2 in the atmosphere will be minimal [86]. 

This can only be achieved if the electricity or H2 that is used to reduce CO2 is generated from 

carbon-free sources, and if the carbon waste gases created by the combustion of the fuel are 

recaptured and reutilized [72]. In principle, methane and methanol could be used as fuels and 

systems for the conversion of CO2 into these molecules are actively being pursued. Therefore, in 

this section only the state of technology for the conversion of CO2 into hydrocarbon fuels with 

more than two carbons will be described. The Fischer-Tropsch process is used to convert CO and 

H2 into liquid fuels and has been commercialized on a large scale [100]. One approach for 

producing fuels from CO2 could involve initially electrochemically synthesizing CO from CO2 and 

then in a second thermal step combining the CO with sustainably produced H2 to produce fuels via 

the conventional Fischer-Tropsch process [72]. Alternatively, a significant amount of research is 

currently being performed to develop systems that can perform Fischer-Tropsch chemistry starting 

from CO2 in a single reactor using a single catalyst. In this chemistry the first step is generally the 

reverse water gas-shift reaction to generate CO from CO2 (Eq 3). This CO then reacts with H2 to 

form liquid fuels through a mechanism based on the conventional Fischer-Tropsch reaction Figure 

2.5.  

 

(2n + 1) H2 + n CO → Cn H2n+2 + n H2O     (Eq. 3) 
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Figure 2.5. Example of routes for direct and indirect conversion of CO2 into fuels and chemicals [79] 
 

2.3. Construction Materials and Minerals 
 

 The conversion of CO2, a low-energy molecule, into solid mineral carbonates is one of 

only a few thermodynamically favorable reactions involving CO2 and can be accomplished at near-

ambient temperatures. For this reason and because of the tremendous size of the construction 

materials market, mineral carbonation is considered to be among the largest and most energy-

efficient routes for CO2 utilization [72].  

Fixation of carbon dioxide into minerals and construction materials can follow in-situ and ex-situ 

processes Figure 2.6 [101]. In-situ CO2 fixation processes inject carbon dioxide into geological 

storages rich in silicates and alkaline aquifers. By reaction of CO2 with minerals, calcium and 

magnesium silicates (Eq.4) and (Eq. 5) and carbonates can be obtained. With ex-situ applications, 

the carbonation process is chemically sustained in industrial plants, favoring the production of 

sodium, magnesium, calcium carbonates and sodium bicarbonate [77]. Such materials can be 

further utilized in cement production and construction processes (e.g., utilization of CaO, CO2-

cured concrete, building aggregates) [102]. Generally, the processes of carbonation of CO2 

generates heat, and so the formation of carbonates is favored at low temperatures [103].  

 

CaSiO! + CO" ↔ CaCO! + SiO" 	-+90
#$

%&'!"#
	wollostonite	formation:   (Eq. 4) 

 

Mg"SiO( + 2CO" ↔ 2MgCO! + SiO" 	-+89
#$

%&'!"#
	olivine	formation:   (Eq. 5) 
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Figure 2.6. Routes for the conversion of carbon dioxide into construction materials [79] 
 

 

2.4. Conclusion 
 

The current challenges and future opportunities of carbon capture and utilization technologies 

were presented and discussed from perspectives of efficiency and cost. Indeed, recent years have 

witnessed significant advancements in the design and development of various CCU technologies 

with a few cases being deployed on an industrial scale. However, the majority of technology 

options being considered so far are still at the laboratory-scale stage of development. In both 

scenarios, commercial implementation of novel materials that outperform the current state-of-the-

art materials in each respective technique will certainly decrease the energy requirements of both 

capture and utilization processes. However, the research and development of materials concepts 

should be coupled with process performance considerations to evaluate better their potential under 

real conditions. Having such a holistic view of both materials and processes and a mutual 

communication between materials scientists and engineers will help to accelerate dramatically the 

scale-up of CCU technologies. In addition, small-scale evaluation of materials or processes should 

take into account the large-scale implementation requirements to provide a realistic evaluation of 

the performance and to reduce the un- certainties in estimating the associated costs. Cost 

effectiveness is the ultimate factor determining the feasibility of the adoption of many emerging 

CCU technologies. 
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3. BIOGAS PRODUCTION AND UTILIZATION AT A FULL-
SCALE WASTEWATER TREATMENT PLANT 

 

 

Research Question: 
 

 What are the technical and economic conditions for the direct use of CO2-containing fuel 

of biological origins to produce power and heat at high efficiency using SOFC in a local WWTP?  

 

Brief Answer: 
 

 It was determined that the CCUS biogas creation used in conjunction with SOFCs to 

produce power and heat, is not profitable from a venture point of view (assuming current market 

and economic conditions). For this reason, policies and subsidies should be considered to support 

the research, development, and roll-out of such technology, until competitive prospects can be 

reached. In other words, this new technology is currently not commercially attractive to investors 

when compared to the status quo of using fossil fuels to produce power and heat. 

Based on the technical and economic analysis generated for the case study addressed in this 

work, it was resolved that to have a successful market entry, the sales of fuel cells need to reach 

the break-even point; unfortunately, this alone will not guarantee the successful market 

penetration.  A combination of making the fuel cell technology more affordable, the creation of 

policies that will assure the implementation of financial support schemes, and the need of initial 

investment capital to help accelerate the deployment of new projects, are imperative for the 

successful commercialization of SOFC. 

 

Novelty: 
 

  The profile of a SOFCs installation in a local WWTP was assessed. This study analyzed 

the inverse relationship between the quantity of FCs produced and the pre-unit fixed costs - in 

other words economies of scale.  The investigation focused on solid oxide fuel cells (SOFCs) and 

their production/installation within Italy’s qualified wastewater treatment plants (WWTPs). The 

proposed innovative concept is to use a single promising market for SOFCs (WWTP) as an 

enabling driver for reaching target costs and start market penetration. It was determined that the 

number of SOFCs units at which the break-even point between costs and revenues is reached 

during lifetime, is also determined for different energy prices. It was also observed, that in order to 
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achieve economies of scale, monetary assistance in the form of subsidies and/or incentives are 

imperative for the acceleration of the product’s market dispersion. These measures directly affect 

the risk and return on investment profiles of renewable energy projects.   

 

3.1. Overview 
 

 The growing scarcity and increase demand for water, food, and energy are imminent 

threats the world is collectively facing.  In order to tackle these problems, waste (e.g. wastewater 

and  municipal waste, among others) is now being considered more as a resource than as a 

discarded source [104]. 

 Intensive research efforts have been made to develop processes for converting methane 

into more valuable products.  CO2 reforming of methane shows noteworthy environmental and 

economic benefits by consuming two major greenhouse gases, carbon dioxide (CO2) and methane 

(CH4 ), to produce synthetic gas (i.e. syngas) (CO+3H2), a key industrial intermediate [105].  

 Most synthesis gas is produced by the steam reform reaction (Eq. 6) in large furnaces to 

supply the necessary energy for this highly endothermic reaction (consumes heat ∆A = 206
)*
+,-	)  

[106].  

 
CH( 	+ H"O	(catalyst) → CO + 3H"       (Eq. 6) 
 
 
 Industrially, steam reforming is performed over a Ni/Al2O3 catalyst [107]. The typical 

problem is the tendency of carbon deposition on the catalyst.  Consequently, steam reactors must 

be operated with higher H2O/CH4 ratios than the stoichiometric value. To reduce the carbon 

deposition, not only is an excess of water needed but also a high temperature of approximately 

1073 ºK must be utilized [58]. For this reason, steam reforming requires a large amount of fuel and 

very high heat fluxes. 

 Carbon dioxide can be considered an oxidizing agent for the oxidation of methane, in lieu 

of oxygen or water for the production of syngas via a reaction called CO2/dry reforming of 

methane, (DRM) [108] (Eq.7).  

 

CO" + CH( 	↔ 	2CO + 2H"	(	∆H = 247
#$
%&'	)      (Eq. 7) 

 
 
 DRM is one of the most important processes used in the production of syngas. In that case, 

DRM contains the most reduced form CH4 combined with its most oxidized form of carbon CO2. 
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The DRM reaction is favored by low pressure, however, the strong C-H bonds (439 kJ mol-1) in 

methane leads to an endothermic process that requires high temperatures for CH4   conversion 

[109]. However, this process is not widely used in the gas processing industries because of rapid 

catalyst deactivation due to carbon deposition [110]. DRM reaction needs high temperature in the 

presence of a metal catalyst, as reactions are extremely endothermic.  The DRM process offers 

some advantages over SRM of methane, out of which the most significant is the production of 

syngas with low H2/CO ratio, more suitable for synthesis of liquid chemicals and fuels.  An 

archetypal application is the production of methanol and Fischer-Tropsch synthesis H2/CO, which 

can be produced by DRM [111] [97].  DRM also significantly reduces the environmental aspect of 

the reaction, as methane and carbon dioxide are greenhouse gases (GHGs). 

 A particular case is related to the use of a CO2-blended gas in the processes of energy 

production using high temperature fuel cells (like Molten Carbonate Fuel Cells – MCFC and Solid 

Oxide Fuel Cells – SOFC). In this case the use of CO2 added to a carbon containing gas (e.g.., 

natural gas or biogas) can have a positive effect on the process driven by the electrochemical 

machine, both in terms of preservation of the anodic electrode and in terms of global energy 

balance of the process.  

 Carbon dioxide can be utilized to activate the reaction of DRM inside the stack of fuel 

cells, thus promoting three important effects: 

 

• Protecting the anode from phenomena of carbon deposits. 

• Transforming the methane molecule into “superior” molecules (H2 and CO) for 

electrochemical reactions.  These molecules are more active electrochemically than 

methane. The production of syngas can act as a suitable fuel in electrochemical machines 

such as high temperature fuel cells.  Moreover, the DRM driven directly on the anode of a 

high temperature fuel cell will drive a reaction which is endothermic, hence, generating 

an effect of heat sink that reduces the need for external cooling and increases the overall 

efficiency of a system (e.g., SOFC system). In this context, considering the global 

thermal balance of these reactions; consideration needs to be given to the reverse water-

gas shift reaction (RWGS) (Eq.8), which is mildly exothermic (produces heat,  

(	∆H = 	−41
#$
%&'	) , the Boudouard reaction (Eq.9), and the methane decomposition 

reaction (Eq.10) are side reaction in reforming [108] [112]: 
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H" + CO" 	↔ 	CO + H"O			(	∆H"./0
1

= −39.5
#$
%&'	)      (Eq. 8) 

 
 

2CO	 ↔ 	C + CO"		(	∆H"./0
1

= −171
#$
%&'	)       (Eq. 9) 

 
 

CH( 	↔ 	C + 2H"		(	∆H"./0
1

= 75
#$
%&'	)      (Eq.10) 

 
 
 

3.2. Kinetics 
 

Although many researchers have led investigations on the reforming mechanism, there 

still are some contentions regarding the details of the precise reaction mechanism and the rate-

determining steps (RDS) [113]. For example, the number of RDSs is still disputed by some 

scientists. Some researchers stated that the mechanism of the dry reforming reaction was one 

single RDS, while others testified a mechanism with two RDSs for the same reaction [114]. 

The main motives for the differences in the reported reforming mechanism can be credited to 

two facts: (1) the different supports and sponsors employed in the reforming reaction may 

result in the disparity of the reforming mechanism, which has been observed by some research 

groups; and (2) the mechanism investigation was conducted at different temperatures, which 

may remarkably affect the reforming mechanism and the RDS [115]. Several different kinetic 

models have been reported. Most of the kinetic models are based on the reversible 

dissociative adsorption on the catalyst active site to produce H2, or on the reversible and 

dissociative adsorption of CO2 on the support to yield CO [116]. 

 

3.3. Catalysts 
 

Based on the above argument, it seems that the maximum activity and H2/CO ratio and 

the minimum carbon deposition can be attained at high temperatures (e.g., higher than 817 

°C). On the other hand, when the reaction occurs at high temperatures, high energy utilization 

makes this process impracticable for industrial applications [117]. The use of catalytic 

systems may lead to greater activity at lower temperatures and, consequently, the decrease of 

the energy consumption in the process, which would permit this technology to get closer to an 

economical process [118]. Thermodynamic calculations showed that the temperature needed 

for 50% CO2 conversion in DRM without catalyst is 1035°C (1308 °K), but on the source of 
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existing literature data, very high CH4   and CO2 conversions can be achieved in temperatures as 

low as 700 °C using catalytic systems [111]. 

Over-all, it has been acknowledged that the catalytic CO2 reforming of methane has a bi-

functional mechanism. CH4  can be adsorbed and activated by the active sites of most of the 

transition metals, mainly groups VIII b of the periodic table, while CO2 is adsorbed and activated 

by oxides [116]. Thus, the DRM reaction can be catalyzed by most of the transition metals 

supported on oxides [110]. 

Over the past two decades, concentrated efforts have been dedicated by many research groups 

to advance catalysts that can achieve high catalytic activity and stability with maximum H2/CO 

molar ratio and minimum coke formation for DRM at low temperatures [110]. 

Notwithstanding numerous publications and evaluation between different catalysts in diverse 

reaction conditions in the literature, there still are some contentions regarding the main active and 

stable catalyst in DRM [97]. Although, the performances of catalysts can be affected by an array of 

factors other than composition, such as content of active components, preparation methods, 

calcinations ambient, calcinations temperature, reduction and activation measures, precursors of 

active components, etc., it is well acknowledged that nickel has the best catalytic performance 

among all examined catalysts except for the noble metals [110]. In the case of noble metal 

catalysts, some researchers stated that Pd showed the highest activity and stability while others 

reported that Rh and Ru catalysts revealed the highest activity and stability among the noble metals 

[119]. Likewise, there is an continuing disagreement between researchers concerning Ni and noble 

metals to choose which one has the best catalytic behavior during DRM [118]. Many researchers 

described higher catalytic activity for Ni-based catalysts in contrast with metals catalysts, while 

some other researchers reported that noble metals have enhanced catalytic activity than Ni-based 

catalysts [120]. Undeniably, on a mole for mole basis, Ni is about 10,000 times cheaper than Pt 

and 200 times cheaper than Pd [121]. Therefore, from sensible and industrial viewpoints, Ni-based 

catalysts are the most attractive and promising for DRM [120]. 

Ni-based catalysts have a propensity to experience deactivation via carbon deposition and 

sintering and hence significant efforts have been devoted to improving these catalysts [118]. 

Tactics to advance the activity and stability of Ni-based catalysts for DRM have concentrated 

mostly on the breakthrough of improved supports and suitable promoters/Ni-based catalysts [120]. 

Researchers conveyed both positive and negative results for the addition of a second and/or third 

metal (bimetallic and tri-metallic) on the implementation of catalysts. SiO2 and Al2O3 are two of 

the most examined catalyst supports with high melting points and specific surface areas. MgO, 

CaO, CeO2, La2O3, TiO2 and ZrO2 are also frequently studied [117].  
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The effects of the precursor, preparation circumstances, type of reactor (including plasma 

reactors, fixed and fluidized bed reactors, membrane reactors), heating method, reduction 

method, feed composition, and space velocity on the reforming reaction were examined [108]. 

Nonetheless, there have been accounts showing that the application of plasma may be a 

suitable method to induce high conversions of CO2 and CH4.  However, plasma technologies 

are very expensive, and the utilization of electrical current to produce plasma may be 

counterproductive to the carbon balance [108]. 

 

3.4. Production of Biogas 
 

The activity related to the use of CO2 inside an energy production process has been 

developed in the case of a stream of biological origin (so, Carbon neutral) and containing a 

large amount of CO2: biogas produced in wastewater treatment plants (WWTPs) with the goal 

of converting these plants as net energy producers. The concept revolves around researching 

technological measures to upsurge self-sufficiency in WWTPs.  This feat is deemed to be an 

achievable target since wastewater already contains two to four times the amount of energy 

needed for the wastewater treatment process.  

The organic matter contained in the wastewater can serve as a source of energy to 

eventually manage the WWTP. Organic matter is retrieved as sludge, which is processed in 

large tanks called anaerobic digesters (AD) to produce biogas. The in-situ accessibility of 

biogas provides the opportunity to cover a substantial portion of WWTPs electricity and 

thermal demands. Biogas can be transformed into electrical and thermal energy by utilizing 

high temperature fuel cell generators.  

Different studies have focused on solutions to increase the energy efficiency of WWTPs. 

Reducing energy consumption and increasing the efficiency of energy production are both 

required to have positive energy WWTPs. Measures to reach self-sufficient WWTPs are listed 

below: 

Process optimization: this approach consists in installing smart meters [7] within the 

plant and developing control systems for the optimal operation of aeration systems and water 

pumps (aeration is part of the secondary biological treatment, which takes more than 50% of 

the overall electrical consumption [122] [123]. EPRI has estimated that, in wastewater 

facilities, 10-20% energy savings are possible through better process control and optimization 

[56].  
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Enhanced biogas yield: currently, anaerobic digestion (AD) biogas can only provide around 

50% of the total energy consumption. However, sludge pre-treatments can lead to an increase of 

the biomethane yield [124]. 

Efficient on-site combined power and heat (CHP) generation: the use of fuel cell systems 

(e.g., SOFC plants) can increase further the on-site electricity generation, which is key to self-

sufficiency co-digestion of sludge with food waste is also an interesting option to increase the 

overall biogas output.  

In the next section (3.4) a case study called DEMOSOFC will be presented; a medium-scale 

(174 kWe) distributed Combined Heat and Power (CHP) system based on Solid Oxide Fuel Cell 

(SOFC) and fed with locally available biogas produced in an industrial-scale wastewater treatment 

plant. 
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3.5. Technical Assessment of Cohesive Anaerobic Digester and Solid Oxide 
Fuel Cell (SOFC) system 

 
Globally there is an increasing focus on looking for alternative technologies able to 

generate power, at the same time respecting the environment and saving energy. 

It is in this context that electrochemical fuel cell devices meet with great approval, owing 

to their high energy efficiency with reduced environmental impact generators.  When these 

are fed by a derived biological gas the energy system becomes relevant in the context of 

environmentally sustainable energy production.  Biogas is the product of biological 

processing of waste with no economic value and compared to other fuels has the great 

advantage of being renewable and free from NMHC (non-Methane Hydrocarbons).  It is 

recognized by the United Nations Development Program as one of the most important 

decentralized energy resources [125]. 

The technique of anaerobic digestion is widely used for biogas production, whereby the 

degradation of organic substances take place in an oxygen-free environment. 

• The selection and evaluation of the fuel cell is conducted in relation to the characteristics of 

the input fuel and to the energy performances, power, and efficiency, achievable from its 

feeding. 

• Biogas production plants from different sources are becoming more and more diffused around 

Europe.  The biogas produced can be split in two streams and sent: 

• To an upgrading system (to be converted in high CH4 containing gas) 

• To high-efficient conversion device (SOFC) for electricity and heat production. 

 

 However, in both processes there is the need to manage the residual gases (exhaust 

from the SOFC and off gas from the upgrading system) in order to reduce CO2 emissions in 

atmosphere.  There is the possibility to combine the two residual flows for CCU, in order to 

transform a waste flow into a resource.  

 The potential of this type of system is the capability to produce not only heat & power 

(with very high efficiency), but also, green fuels and chemicals through a dedicated 

management of the CO2 recovered from the system, all this starting from a renewable energy 

source like biogas. 

 As the DEMOSOFC case study will show, an anaerobic digestion plant is combined 

with a high temperature fuel cell system.  This system was studied both from an energetic and 
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environmental point of view, for the distributed generation of both electrical and thermal energy. 

 

3.6. Case Study (DEMOSOFC) 
 

The European project DEMOSOFC coordinated by Politecnico di Torino focuses on the 

installation of the first industrial size plant in Europe able to convert the sludge from a wastewater 

treatment process into clean and high efficiency energy by using SOFC technology that can use 

directly natural gas or biogas. SOFCs are the most efficient and fuel flexible devices among the 

different fuel cell types available.  The total project budget is around 5.9 million euro and is 

financed by European Union with 4.2 million euro in the framework of the Horizon 2020 program. 

The DEMOSOFC plant covers around 30% of the site needs (provided by the grid) and 100% 

of the thermal requirement. The system consists of the installation of three fuel cell modules able 

to co-produce 175 kW of electrical power and 90 kW of thermal power, with an electrical 

efficiency of 53%. 

The system is installed in the SMAT Collegno wastewater treatment plant (Turin), where 

currently biogas is produced from anaerobic digestion of sewage sludge. Biogas – a renewable fuel 

– is first cleaned (Sulphur contaminants are removed) and then sent to the fuel cell where high 

efficiency electrical energy is produced (with an electrical efficiency up to 50%, while traditional 

competitors like engines and turbines reach only 35-38 %). The system is also cogenerative since 

the heat recovery from the exhaust gases is also performed Figure 3.1. 

 

 

Figure 3.1. Waste-to-Energy production system at SMAT’s WWTP (DEMOSOFC) 
 

 

 



 

53 

 

 

From an energy point of view the system can demonstrate how Smart Fuel Cell (SFC) 

systems are a key driver for future energy plants, based on renewable fuels, with very high 

electrical efficiencies and total recovery of the processed elements (carbon, hydrogen and oxygen), 

trying to generate a new concept of dual-generation systems (i.e., heat and power). 

Furthermore, while traditional cogeneration systems generate exhaust gases with CO2 mixed with a 

high nitrogen flow, with related complications in the sequestration processes, in a SOFC systems 

exhausts from the anode side are free from nitrogen, leading an easy CO2-capture through a simple 

condenser to remove water. 

DEMOSOFC aims to carry the innovative concept at an industrial scale through a 

product/process ready for the commercialization. Currently, the process components are produced 

mainly in Germany, England, Italy, USA and Japan. The market interest on this new technology is 

thus clear and, thanks to synergies created by the European Agency FCH-JU, cooperation between 

industry and academy is strengthened. From the end user point of view, this specific application 

found its niche function within various forms of biogas plants [126].  

Similar designed plants are currently operating in California, U.S.; however, these plants are fed 

by natural gas (methane). The innovative biogas feeding aspect of the project makes DEMOSOFC 

a strategic venture for Europe.  Furthermore, its results can be replicated while helping the 

development and consolidation of the industrial and scientific area. 

 

3.7. Analysis of Waste Treatment Sector as a Driver for SOFC Cost 
Reduction 

 

Energy production is one of the biggest challenges Europe and the U.S. are currently 

facing  It is mainly concerning to the subjects of policy and regulations that obstruct the 

development of renewables to the shortage of capital to fund the progress of new technologies 

[127] 

A paradigm shift is currently changing our understanding of the need of technological 

innovations, supply, policies, and environmental deployment regulations for the successful growth 

of green technologies [127]. According to the European Commission, the delay of climate action 

would require additional investment expenditure of around € 100 billion /year between 2030 and 

2050.  Unfortunately this would not reduce investment needs before 2030 by a comparable amount 

[128]. The quick deployment of large-scale (> 10 MWs) [129] projects involving a new renewable 



 

54 

 

energy technology with a low-carbon footprint is one of the European Commission’s goals to 

achieve a low-carbon society in the near future [130].  

In the U.S. as mentioned in the Annual Energy Outlook 2021 (AEO2021) [131], the U.S. 

Energy Information Administration (EIA) projected that the share of renewables in the U.S. 

electricity generation mix would increase from 21% in 2020 to 42% in 2050. Wind and solar 

generation are responsible for most of that growth. The renewable share is projected to increase as 

nuclear and coal-fired generation decrease and the natural gas-fired generation share remains 

relatively constant [131]. By 2030, renewables will collectively surpass natural gas to be the 

predominant source of generation in the United States. Solar electric generation (which includes 

photovoltaic (PV) and thermal technologies and both small-scale and utility-scale installations) 

will surpass wind energy by 2040 as the largest source of renewable generation in the United 

States [132].  

 

General fuel cell background 
 

A fuel cell (FC) consists of an anode and a cathode with an electrolyte in the middle that 

utilizes electrochemical reactions, rather than combustion, to produce energy (very similar to a 

battery). Consequently, GHG are significantly reduced; byproducts are only water, heat, and, a 

reduced amount of carbon dioxide - all of which can be re-used for other applications [131]–[133] 

FCs are among the most promising clean energy technologies currently in existence 

[134]. They are expected to play a significant role in order to attain the EU’s objective of 

achieving an overall 80% reduction in the EU emissions by 2050 (compared to 1990) [135].  In 

the U.S. the Fuel Cell & Hydrogen Energy Association (FCHEA) reported that FCs could reduce 

the nation’s carbon emissions by 16% by 2050 and greater FC’s deployment could also reduce 

carbon emissions in the U.S. transportation sector by 30% and lower NOx emissions by 36% 

[136].  Moreover, FC’s have been drawing interest from the scientific community due to their 

high-energy efficiency; clean energy production, high power density, site and fuel flexibility, and 

uninterruptible power supply system, amongst other attributes [137]. 

There are different types of FCs, and they vary depending on their design, size, type of fuel 

they use to operate, and choice of electrolyte.  SOFC, is one types of FC, and it can reach 

efficiencies of up to 60% when fueled with natural gas or biogas. WWTP facilities are, by nature, 

usually located close to populated areas, consequently making them large producers of biogas 

from sludge, which are a by-product of the water treatment activity [138].  

 



 

55 

 

Biogas is a mixture of methane and carbon dioxide (typically 60% CH4 and 

40% CO2) and it is considered a clean fuel source to produce electricity and heat.  

WWTPs employ the process of anaerobic digestion (AD) to produce biogas.  Anaerobic 

digesters are usually part of the WWTP system; therefore making these facilities very 

attractive to implement distributed generation (DG) applications [30]   

 

The WWTP as ‘starting market’ for the SOFC technology 
 

WWTP are producing biogas as a sub-product of the entire plant. Anaerobic digestion for 

biogas production is a way to stabilize the sludge flow and reducing its organic load: for this 

reason, biogas can be considered as a free fuel for the plant.  

WWTPs are intensive energy consumers, especially concerning electricity needed to fuel the 

pumps and aeration systems. Consequently, the possibility of self-producing high efficiency 

energy and reducing grid-dependence is seen as a key driver for WWTPs to adopt circular 

technologies [139].  As mentioned above, SOFC systems show no emissions to atmosphere 

since no combustion of fuel is performed. This is another driver, especially in a future perspective, 

because of continuously reduced national and regional emission limits, especially for what 

concerning NOx, SOx, PM and organic compounds.   

In short, WWTPs offer an attractive context to implement SOFCs as these plants offer the 

required biogas to fuel SOFC, while operating WWTPs requires vast amounts of energy. The 

SOFC technology thus allows translating a by-product in a productive energy source, thereby 

partially closing the loop of production, while simultaneously reducing the emission of harmful 

substances [140].   

However, the main criticality related to biogas use in SOFCs is the need for a biogas cleaning 

system, which is a non-standard component required when biogas is fed to SOFCs. Compared to 

traditional CHP system, SOFCs are more sensitive to biogas contaminants such as Sulphur and 

siloxanes. Fortunately, biogas resulting from WWTPs shows relative low levels of contaminants 

further contributing to the attractiveness of WWTPs as a market opportunity to implement SOFCs. 

Because of a relative ‘clean’ biogas, SOFCs installations in WWTPs usually required only a single 

stage contaminants removal, by using adsorption materials [141].  
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Italy and US: SOFC ‘starting market’   
 

Italy 
 

Wastewater treatment plants often require significant amount of heat and power in order to 

operate, thus accounting for a large percentage of a municipal’s energy cost [142]–[144]. In 

Europe, WWTPs account for more than 1% of the electrical consumption, with a total estimated 

electricity consumption of 15,021 GWh/year spread among 22,558 plants [32]. Furthermore, 

energy for wastewater treatment (WWT) is likely see a global increase of 20%-30% within the 

next 15 years due to increasing population and capita consumption, stricter discharge 

requirements, and aging infrastructure [145]. 

In the U.S. municipal wastewater treatment plants are estimated to consume more than 30 

terawatt hours per year of electricity, which equates to about $2 billion in annual electric costs.  

Electricity alone can constitute 25-40% of a WWTP’s annual operating budget and make up a 

significant portion of a given municipality’s total energy bill [146] 

The allure of introducing SOFC into the WWTP market goes beyond the advantage of fuel 

flexibility; for example [147]: 

1. With WWTPs there is no need to build an entire infrastructure just to be able to 

incorporate a SOFC system.  Therefore, the initial investment associated with the construction of 

incorporating the system is minimal in the whole scheme of things. 

2. WWTPs already have a pool of experience professionals, which can operate and maintain 

the SOFC system [145]. 

3. The need for incorporating external sources of power to be able to operate is minimize 

when utilizing SOFCs. Because of the decreased use of imported electricity from the central 

electric power source, the load placed on the electric grid is minimized.  

While traditional cogeneration systems produce exhaust gases with CO2 mixed with a high 

nitrogen flow, with related difficulties in the sequestration processes, in a SOFC systems exhausts 

from the anode side are free from nitrogen, leading an easy CO2-capture through a simple 

condenser to remove water [148]. 

 As seen in Figure 3.2, WWTP distribution in Italy is composed of a high number of micro 

and small plants, working with a reduced entering load, and few large size plants which are serving 

the capital cities or aggregation of medium size cities (Turin, Rome, Milan, aggregated Tuscany 

and Veneto cities). Total number of WWTPs in Italy is 5,672, and average entering load is 12,324 

P.E. served.  Production of biogas is currently performed in large system where traditional CHP 
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systems show better performance. Internal combustion engines (ICEs) can show up to 42-43% 

efficiency when MWs size systems are installed. However, when smaller system are analyzed, the 

efficiency drops at around 35% making the initial investment less rewarding [149]. SOFCs in 

contrast are modular systems, which can guarantee a constant and high efficiency (higher than 50-

55 %) at every size, from kW to MW size. These higher efficiency rates, combined with more 

flexible employability, makes SOFC especially appealing for application in WWTPs allowing to 

fully capture the benefits of the biogas.  

 

 

Figure 3.2. WWTP Database for Europe [150] 
 

 

 United States 
 

In 2016, the Pacific Northwest National Laboratory (PNNL) estimated a total of 15,014 

sludge generation of publicly owned treatment works (POTW) in the U.S. [151]. These POTWs 

provide most of the wastewater treatment in the United States, treating 35 billion gallons of 

wastewater produced each day by 238.2 million Americans, or 76% of the U.S.’s population. The 

remainder of the population is served by decentralized or private septic [151].  

Additional insights can be gained by placing the 15,014 facilities documented by PNNL into 

size categories based on total existing flow in millions of gallons per day (mgd) Figure 3.3. The 

report indicates that 23% of the U.S. population is served by 0.3% of the POTWs which comprise 
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facilities of more than 100 mgd, 40 plants in total. A further observation indicates that 63% of the 

U.S. population is served by POTWs of 10 mgd-100 mgd or 3.7% of all POTWs, 522 POTWs in 

total [151].  

 

 

Figure 3.3. Spatial distribution and influent range of 15,014 PNNL catalogued treatment plants  [151] 
 

 

Historically, the concept of “waste-to-energy” has referred to any of several highly mature 

technologies (e.g., incineration or anaerobic digestion) that decrease waste volumes. Landfill 

capacity scarcity, coupled with increasingly stringent disposal regulations, is necessitating novel 

waste management solutions. In particular, the notion that waste streams represent valuable 

feedstocks to produce biofuels and bioproducts is gaining currency. These feedstocks include 

inedible fats and greases, biogas from landfills, dairies, wastewater treatment plants, and the 

organic fraction of municipal solid wastes. Conversion of these feedstocks into renewable natural 

gas, diesel, and aviation fuels is just beginning to gain market traction; it represents a significant 

opportunity for additional expansion.  

Waste streams are widely geographically distributed, frequently in areas of high population 

density, affording them unique current and emerging market opportunities  Figure 3.3. The size of 

POTWs, landfills, rendering operations, and grease collectors overlay with the largest population 

centers nationwide. Therefore, when compared to terrestrial feedstocks, these waste streams are 
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largely aggregated and any derivative biofuels, bioproducts, or biopower are close to end markets 

[151].  

At the same time, however, this proximity to populations markets often correlates with more 

stringent regulatory landscapes for disposal. Therefore, the value proposition presented by these 

waste streams commonly includes avoiding disposal costs as opposed to an independent 

biorefinery that requires stand-alone profitability. Aided by these and related factors, public and 

private entities are actively exploring and deploying novel solutions for waste stream valorization. 

Potential competition between biofuels, bioproducts, and other beneficial uses will likely be a key 

element of future markets, and clearly merits further analytical and modeling investigation [151].  

While there are advantageous market and policy factors unique to these feedstocks, they are 

subject to significant compositional, geographic, and temporal variability. This variability creates 

unique challenges and requires conversion technologies that are tailored towards particular 

families of feedstocks. Wet and gaseous feedstocks also represent a unique set of challenges in 

terms of feedstock acquisition and handling. The PNNL report explores conversion possibilities for 

both wet and gaseous feedstocks at a wide variety of technology readiness levels. With some 

exceptions, the early-stage nature of many of these technologies suggests an “all-of-the-above” 

strategy at relatively low initial funding levels can provide an environment that encourages natural 

selection of solutions as they move closer to market. The U.S.  Department of Energy’s Small 

Business Innovation Research program might be an excellent vehicle to pursue such a strategy 

[151].  

 

Renewable energy financial schemes 
 

The deployment of biogas projects need three elements for success: unwavering legislative 

structure, easy clear permitting measures, and accessibility to financing [152]. Financial entities 

will fund a project depending on the projected financial fulfillment compared to the project’s risks 

and its credit worth of the stock hold. Usually, the financial success of a biogas project depends on 

the availability of government financial support schemes. In some countries, it is feasible to 

receive financial funding for a project from public sources, low-interest loans, grants, or other 

assistance that encourage the roll-of renewable energy projects [153].  

This study examines the inclusion of SOFC systems fueled by biogas within WWT facilities 

and the feasible monetary schemes that can fund the initial capital cost for the roll-out of such 

projects [152].  
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California’s Public Utilities Commission has implemented a successful financial incentive 

program called Self Generation Incentive Program (SGIP) [147].  This program provides financial 

incentives for the installation of new renewable energy technologies that are installed to meet the 

total eligible project cost of a facility. The program can easily be adapted to suit the deployment 

and development of other countries’ biogas fed SOFC projects. The SGIP for FC is designed as 

follows: for on-site biogas projects 30 kW or larger, 50% of incentive will be received up-front; 

50% will be received based on actual kWh production over the first 5 years. For projects under 

30kW, 100% of the incentive will be paid up front [147] [154].  

 

Methodology 
 

 The aim of the analysis presented in this section is to understand how SOFC 

commercialization process could start thanks to installations in a specific and selected market, such 

as WWTPs. By illustrating the economic costs and benefits of installing SOFCs in WWTPs, the 

qualitative benefits from the technology are translated into monetary value. By doing so, this 

analysis sheds light on the conditions under which the application of this technology becomes 

commercially viable. Furthermore, the implementation of a pilot case provides real-life data, which 

in turn reduces uncertainty related to the assumptions underlying the calculations and could, serve 

as an attractive reference point for other applications. As a pilot case, we consider the application 

of SOFCs in WWTPs in Italy (i.e., DEMOSOFC). 

The analysis on the potential number of SOFCs installations in Italy has been based on the 

European WWTPs database from the Environmental Energy Agency (EEA) [150]. The Urban 

Wastewater Treatment Directive data viewer enables an easy access and analysis of the data 

reported under the article 15 of the Urban Wastewater Treatment Directive (UWWTD). The map  

Figure 3.2 reflects the most recent available information at the EU-level on implementation of the 

UWWTD in EU 27 based on data reported by the Member States (for reference years 2011 or 

2012) in 2013. From this tool, data on directive compliance, capacity and entering load, and type 

of treatments, for all the WWTPs in Europe can be accessed. Data has been extracted for Italy. The 

information on biogas production in the listed WWTPs is not available, for this reason the analysis 

has been based on plants that are being defined as ‘eligible’ for biogas production. The eligibility 

depends on the plant size, in particular, on the entering load, in terms of P.E.  

 From internal communications with the local WWTP’s owner [155], the minimum plant 

size for biogas production has been defined, 20,000 P.E., confirmed also by literature sources 

[156], [157]. The main reason for this limit is linked to economic profitability of anaerobic 
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digestion: fixed cost related to this technology are quite high and make the overall investment not 

competitive under a certain size. The value is varying between country to country and is depending 

on the technology learning and cost reduction for anaerobic digestion, even if it is a commercial 

product. For this study, a reference number has been chosen and kept constants for all the analyses. 

 In Italy, 5,672 WWTPs are presented in the database, but only 83.5% of them shows 

related data on entering load and/or capacity. Among the total plants, 670 shows an entering load ≥ 

20,000 P.E., corresponding to 11.85% of the total plants. These numbers confirm the distribution 

of WWTPs in Italy by size of a high number of small-medium size plants. All WWTPs in Italy 

have an average entering load of 12,324 P.E., hence making it lower than the mandatory limit.  

The ‘eligible’ 670 plants are the ones considered for biogas production and consequently for 

SOFCs systems installation. The analysis has been first developed for a ‘base case’ scenario, 

followed by other studies to show the influence of different parameters. The methodology for 

calculating the SOFC power installed for each plant is presented below: 

i. Calculation of the biogas potential production in the WWTP. Starting from the entering load 

for each plant (in P.E.), the potential biogas production can be determined by means of the 

biogas production rate, expressed in liters of biogas produced per P.E. per day. This number is 

strongly changing from plant to plant, depending on the technology and the process 

management involved in the sludge line. For this reason, a base value of 15 l biogas/ P.E./ day 

(Table 3.1), referred to the local SMAT Collegno WWTP (Higher productivity rates can be 

reached and are already measured in other WWTPs.  

ii. Calculation of the biogas Lower Heating Value (LHV). From the biogas potential production, 

the methane content should be used to calculate the inlet power (in terms of LHV) contained in 

biogas. The analysis, for all the case studies, has been performed using a fixed 60% methane 

content (Error! Reference source not found.). 

iii. Calculation of the SOFC power installed. The available fuel (biogas) is used for electricity 

production by means of an SOFC system. By knowing the amount of biogas available in each 

plant and the efficiency of the SOFC system, it is possible to calculate the maximum amount 

of power, which can be produced from that fuel using that technology. This procedure has 

been repeated for all the ‘eligible’ WWTPs. The potential SOFC installed power is 

consequently determined, starting from the biogas power by means of the SOFC electrical 

efficiency. Industrial size SOFC systems currently show efficiency higher than 55%. The 

efficiency has been fixed to a target value (60%) for the base case and varied in the other 

scenario Table 3.1  and    

iv. Table 3.2 
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By means of the presented methodology, the total number of SOFCs installed has been 

determined. The minimum plant size, 20,000 P.E., in the base case scenario, corresponds to a 

SOFC system of 45 kW electrical. This size has also been considered as the standard SOFC 

module size and results, when expressed in number of units, are always referred to a 45-kW 

electrical SOFC module. 

 

 

Table 3.1. Input parameters for the base case scenario. 

Parameter Value Unit 

Minimum plant size for biogas production 20,000 P.E. 

Biogas production rate 15 L biogas/P. E/ day 

Methane content in biogas 60 % 

SOFC electrical efficiency (target) 60 % 

 

 

 

Table 3.1 shows the other investigated scenarios for what concerning biogas production 

rate and SOFC efficiency. Scenarios are linked to the variability of two parameters: 

• Biogas production rate. The specific biogas production yield is strongly varying from plant 

to plant. It can be influence by external temperature, by pre-treatments on the inlet biomass 

to the anaerobic digester, by the quality of the inlet wastewater and many other factors. For 

this reason, different values have been analyzed, starting from 10 l biogas/PE/day and 

reaching a target value of 40 l biogas/PE/day. 

• SOFC electrical efficiency. Current SOFC efficiency is 53% in the framework of the 

DEMOSOFC project, where an industrial size SOFC will be installed in a local WWTP. 

Nevertheless, there are commercially available systems, which currently show lower 

performance, and other advanced SOFC, which are reaching (or have already reached) a 

60% efficiency from fuel to AC power. For this reason, a variation of this parameter has 

been also considered from 50 to 60%.   
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Table 3.2. Case studies definition, in relation to Biogas production rate and SOFC electrical efficiency 

  Base Case Worst Case Current Case Target Case 

Biogas production rate L biogas/PE/day 15 10 25 40 

SOFC electrical efficiency % 60 50 55 60 

 

 

By crossing the variation range of these two parameters, the three scenarios have been 

identified Table 3.2. Starting from the number of units that could be delivered by a company 

producing SOFCs in a WWTPs sector in Italy (670 installations), to finally understanding the 

range of the potential decisive price driving the WWTP’s market supply in Italy. 

 

Evaluation of SOFC system annual costs at different production volumes 
 

In order to evaluate the number of units that should be ameliorated (from an economic point 

of view) to drive the SOFC stationary market by means of an incentive program, a simple 

economic evaluation has been performed. 

The analysis has been done on the evaluation of plant annual savings calculated as the 

difference between the plant costs (investment and operation costs) and the revenues linked with 

the savings in electricity bought from the grid. The evaluation is shown for a 45-kW system, 

corresponding to one SOFC unit. The same concept could be applied to larger installations. The 

annual costs have been evaluated for different SOFC production volumes related costs nd a trend 

for the annual savings at different production volumes level has been calculated. Assumption and 

input data for this analysis are: 

• Time period on which the analysis is performed: 10 years 

• Capacity factor of the system: 95% 

• Cost of electricity: initially assumed 15 c€/kWh as in the DEMOSOFC real case study, 

 but then varied between 5 and 20 c€/kWh. 

• SOFC system size: 45 kW electrical 

• Clean-up cost: equal to the LCOE’s calculation (1,000 €/kW investment cost and 1c€/kWh 

 operating cost) 

• Cost for the plant preparation and system installation: equal to the LCOE’s calculation 

 (1,500  €/kW) 
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The annual cost has been determined as the sum of the investment cost – spread over the 

chosen time period – and the operating cost. The annual revenues are related to the savings in 

electricity thanks to the CHP installation. The difference among these two values is the annual 

savings which can be negative (plant is losing money) or positive (plant saving/earning money). 

Results are shown in Figure 3.4 for different production volumes. The total costs are shown 

with the red line; revenues with the green line; and the difference (savings) with the blue line. As 

shown, savings start to be positive from 191 units produced (8.6 MW), however, when the Italian 

WWTP’s potential number of installations reaches 2,497 units, an annual saving of 21,541 € is 

generated based on the installation of 45 kW SOFC-based CHP plant.  

 

 

Figure 3.4. Results for the annual costs evaluation for different units produced. 
 

 

 

 

Figure 3.5. Sensitivity analysis on influence of electricity price (in €/kWh) on annual savings 
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Since prices of electricity fluctuate depending on the country, production plant, plant size, and 

the overall electricity purchased (yearly) from the grid, a sensitivity analysis reliant on these values 

is proposed, with results for 5, 10, 15 and 20 c€/kWh electricity price.  

The price of electricity strongly influences the break-even point among costs and revenues, 

since revenues are proportional to the cost of electricity Figure 3.5. For the lowest energy price (5 

c€/kWh), break-even is never reached between costs and revenues, meaning that SOFCs are not 

yet commercially suitable for markets where electricity price is very low; in these areas, an 

important driver for SOFCs commercialization could be the environmental advantages SOFCs are 

offering. 

With a 10 c€/kWh electricity price, the break-even point is reached at 1564th unit produced 

(70.4 MW), alongside a SOFC investment cost of 3,452 €/kW. The break-even point shifts 

downward at 191 units produced at the 15 c€/kWh electricity price scenario. In the aforementioned 

SOFCs’ investment cost the system starts to be profitable at 6,420 €/kW.  

Finally, in the high electricity price scenario (20 c€/kWh), SOFCs start generating income 

(10-year period) after the 52nd unit is produced (2.3 MW). The break-even point related SOFC 

cost is 9,404 €/kW.  

A final analysis is conducted when the break-even point (SOFC installation investment has a 

positive value) starts generating savings for the plant (10 yrs.). Therefore, the actual break-even 

point is reached when the minimum number of units need to be subsidies by an incentive program. 

Further analyses should be devoted to the understanding of the competitiveness of the SOFCs 

solution compared to the traditional systems for biogas exploitation such as ICE and micro-

turbines. A fully market entry of the technology will be reached when annual savings are not only 

positive but also greater than the competition. 
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Results 
 

The economic profile of a SOFCs installation, assuming today’s costs, is not profitable from 

an investment point of view.  For this reason, policies and subsidies should be considered to 

support the production of a portion of the 670 installations, until a competitive cost is reached. 

In the analysis of the ‘base case’ scenario, the following results have been obtained: 

• 112 MWs can be installed in Italy considering a standard SOFC module size of 45 kW for 

 2,497 units.  

• The installation of 2,497 units could lead to a robust reduction in SOFC’s price. 

• Investment cost: 3,007 €/kW (-83% with respect to the current scenario). 

• Stack replacement cost: 549 €/kW/replacement (-79.7% with respect to the current 

 scenario). 

• Maintenance cost: 2,508 €/yr. (-58% with respect to the current scenario). 

• Number of replacements during a lifetime (20 yrs.): 2.92 

 

This scenario generates an LCOE (assuming the same current cost for the clean-up unit) equal 

to 5.95 c€/kWh, nearly 70% lower than the current scenario.  

 

The SOFCs installation in WWTPs has been considered as a potential driver to reduce the fuel 

cell specific cost. The current SOFC cost scenario Figure 3.6, investment cost higher than 17,000 

€/kW, a stack replacement cost of 2,710 €/kW/replacement, and a maintenance cost of 6,000 €/y. 

With this input data and the current cost for biogas cleanup system (investment cost 1,000 €/kW 

and maintenance cost 1 c€/kWh [158]), the LCOE of the SOFCs installation in a 20 year period is 

equal to 19.56 c€/kWh, considerably higher than the current price of electricity for typical user in 

Italy [159]. 
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Figure 3.6. Learning curves for SOFC specific investment cost, stack replacement cost and 

maintenance cost. Author own elaboration of [160]. 
 

 

Biogas production rate has a strong influence on the number of installations, together with the 

SOFC’s efficiency. Number of potential MWs to be installed varied from 55 (worst case scenario) 

to 318 (target scenario). Despite the high variation in terms of MWs and units installed, the ‘final’ 

SOFC’s investment cost is less variable, ranging from 2,212 to 3,707 €/kW (Fig. 5). This is due to 

the exponential trend of the learning curve Figure 3.7, the curve displays a strong cost reduction up 

to 1,000 units and then the trend slowly reduces to a target value of around 2,000 €/kW. In all the 

analyzed scenarios, even the worst case, the potential number of SOFCs installation is higher than 

1,000 units, therefore, the resulting SOFC cost shows less variations compared to the volumes.  

 

 

 

Figure 3.7. SOFC installations and final investment cost for the different scenarios. 
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Conclusion 
 

There is a need to manage residual gases in order to reduce CO2 emissions into the 

atmosphere.  There is the possibility to combine residual flows for CCU, in order to transform a 

waste flow into a resource.   

The potential of this type of system is the capability to produce not only heat & power (with 

very high efficiency), but also, green fuels and chemicals through a dedicated management of the 

CO2 recovered from the system. The central challenge is to discover market opportunities for this 

technology that yields an attractive ROI.   

The adoption of renewable power generation technologies is still in its infancy, relative to 

their economic potential. Regardless of their slow commercial implementation, fuel cells (FCs) are 

amongst the most efficient and green sources of energy production. However, the initial costs for 

capital equipment, manufacturing processes, installation, and warranty associated with these 

systems need to be reduced for technology adoption to take off. 

This research focuses on determining the essential elements needed to create an economically 

feasible market entry for SOFC technology within the WWT facility industry.  In this work an 

anaerobic digestion plant is combined with a high temperature fuel cell system; the integrated 

energy system, so arranged, was then studied both from an energetic and environmental point of 

view, for the distributed generation of both electrical and thermal energy.  The sizing of the biogas 

plant follows a methodology related to the characteristics of the catchment area of waste in terms 

of quality and quantity and runs on the basis of the technique chosen from among those in use.  

Energy and environmental analysis, focused on the determination of some characteristic indexes of 

cogeneration plants and environmental impact indexes, is an effective tool to make assessments 

about energy and environmental sustainability of the energy system considered. 

In short, WWTPs offer an attractive context to implement SOFC as these plants offer the 

required biogas to fuel SOFC, while operating WWTPs requires vast amounts of energy. The 

SOFC technology thus allows translating a by-product in a productive energy source, thereby 

partially closing the loop of production, while simultaneously reducing the emission of harmful 

substances.   

However, the main criticality related to biogas use in SOFC is the need for a biogas cleaning 

system, which is a non-standard component required when biogas is fed to SOFC. Compared to 

traditional CHP system, SOFC are more sensitive to biogas contaminants such as Sulphur and 

siloxanes. Fortunately, biogas resulting from WWTP shows relative low levels of contaminants 

further contributing to the attractiveness of WWTP as a market opportunity to implement SOFC. 
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Because of a relative ‘clean’ biogas, SOFC installations in WWTP usually required only a single 

stage contaminants removal, by using adsorption materials. 

This study also examines the inclusion of SOFC systems fueled by biogas within WWT 

facilities and the feasible monetary schemes that can fund the initial capital cost for the roll-out of 

such projects. The study starts by analyzing a SOFC system installation in an Italian WWTP and 

gaging how various cost reduction methods affect energy prices. Furthermore, the prospect of 

applying monetary incentives to deploy the SOFC technology is also examined paying close 

attention to the break-even point, which pinpoints when an investment starts to see its return. 

In Italy, biogas support schemes are available; unfortunately, financial incentives attributed to 

the biogas production in WWTPs fairs unfavorable when compared to other biogas production 

sources (e.g., food waste). It has been observed that to have a successful market entry, sales of fuel 

cells need to reach the break-even point; sadly, this alone will not guarantee the successful market 

penetration.  A combination of making the fuel cell technology more affordable, the creation of 

policies that will assure the implementation of financial support schemes, and the need of initial 

investment capital to help accelerate the deployment of new projects, are imperative for the 

successful commercialization of SOFC.  

Results show that 2’497 SOFC units (45 kW each) could be potentially installed in WWTP in 

Italy: these installations would generate, according to the learning curve available from the 

producers, a high capital cost reduction from a current cost higher than 17’000 €/kW to 3’000 

€/kW. The number of units at which the break-even point between costs and revenues is reached 

during lifetime, is also determined for different energy prices. It has also been determined that, in 

order to achieve economies of scale, monetary assistance in the form of subsidies and/or incentives 

are imperative for the acceleration of the product’s market dispersion. 

 The analysis of the results denotes that the inclusion of incentive is necessity when 

determining the feasibility of commercializing a new green technology. Within the framework of 

this research, monetary and environmental incentives appear to be the most important policy 

measures for investors.  These measures directly affect the risk and return on investment profiles 

of renewable energy projects.   

Future studies can look at the influence of other incentives and subsidies can have on the 

accelerated incorporation of FCs in WWTPs.  Furthermore, studies can be conducted on 

application of incentives for other countries and an analysis on how they compare with each other. 

Finally, it will be interesting to come full circle and research the difference between the early 

stages of a FC project financing with the implementation of incentives and the later stages of the 

project. 
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4. POWER-TO-FUEL THROUGH CO2 REUTILIZATION & 
HIGH-TEMPERATURE ELECTROLYSIS TECHNICAL AND 

ECONOMICAL COMPARISON BETWEEN SYNTHETIC 
METHANOL AND METHANE 

 

 
Research Question: 

 

What are the technical and economic conditions for the reutilization of CO2 to 

produce synthetic fuel?  What is the cost of such process? 

 

Brief Answer: 
 

Two different plants to produce synthetic fuels (methane and methanol) from hydrogen and 

CO2 were modeled and the production processes were assessed.  It was concluded that the 

economic viability for the production of these fuels require a significant capital reduction in order 

to be competitive with fossil fuels.  Some important matters to consider are, (1) reduction of 

electrolysis technology, (2) project cost optimization (e.g., mutualization of infrastructures and 

standardization of processes, procedures, and equipment manufacturing) and (3) low-cost of 

electricity is imperative; hence, the power required to support the processes should originate from 

renewable technologies such as solar or wind. However, albeit the high initial investment capital 

challenges, the production of methanol shows potential prospect for competitive 

commercialization if the utilization factor (UF) is between 65%-80%. Nonetheless, policies and 

subsidies should be considered to support the research, development, and roll-out of such 

technology, for synthetic fuels can comfortably compete in a competitive market. 

 

Novelty: 
  

 In the methane production plant, the great exothermicity of the reaction allows for an 

exceptional thermal integration between the fuel synthesis and the steam generation, minimizing 

and making almost zero the external heat requirement. The strong thermal integration, combined 

with the high conversion reached within the catalytic reactors, leads to high conversion efficiency 

(≈ 77%). On the other hand, for the methanol production a higher reaction pressure is required. As 

a matter of fact, if the higher reaction pressure is combined with the minimal heat available from 

the reactor, the efficiency of the system is diminished (≈ 58%) because of the larger demand for 
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external energy. The need of higher pressure for methanol production means that the initial 

investment and O&M costs are greater. 

When evaluating a sensitivity analysis, it was concluded that the two measured systems 

present similar economic performance, unlike the difference between the efficiency of the two 

analyzed concepts. With a current market cost for SOEC (2,500$/kW), the breakeven electricity 

price (allowing a production cost comparison analysis with the upper fossil-based bound) is very 

low: 3 and 20$/MWh for synthetic methanol and methane, respectively.   

It was concluded that to produce an economically attractive market for methane and 

methanol, in the present market conditions, the production plants should maintain a utilization 

factor of approximately 50%, the cost of SOEC should be near 1,050 e/kW, and the required 

electricity to run the system needs to be supplied from renewable sources at a very low cost (below 

40-50 $/MWh). 

 

4.1. Overview 
 

This chapter presents some pathways to alternative mid- to long-term CCU options, 

specifically, the capture and transformation of CO2, to produce sustainable, synthetic hydrocarbon 

or carbonaceous fuels, mainly for the transportation industry. 

Power-to-X technologies are considered to play a significant role in the CCU paradigms. 

They convert electricity from renewable energy into hydrogen, methane or liquid fuels which are 

then utilized to drive climate-neutral vehicles. This renewable fuels could also substitute the fossil 

fuels used in relation to heat supply [161] 

Most of the infrastructures serving the transport industry mainly relies on petrol, heavy fuel 

oil, and kerosene and this is likely to stay unchanged as a transitional period is sustained over 

many years to come, especially in some applications such as the aviation industry. One solution 

could be to use chemical processes to convert electricity into gas or liquid fuels, which are referred 

to as e-fuels. These e-fuels can then be used in the transportation industry (e.g., to power cars, 

trucks, and airplanes). These renewable fuels (produced from renewable electricity) could 

substitute fossil fuels not only in the transport industry, but also it can be used for heating and 

industrial purposes.  

The term ‘Power-to-X’ includes all procedures that convert electricity, (i.e., power) into other 

energy vectors X [162]. In order to get the big picture, energy supply needs to be observed from an 

integrated perspective, instead of considering electricity generation, transport, and industry 

separately; therefore, innovations are crucial for the development of a new paradigm.  
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Considering the expected growth of renewable energy, many studies see great potential for 

Power-to-X technology; however, aside from a few exceptions, there are currently only few 

marketable options. The problem is that manufacturing costs are still too high, therefore investors 

usually favor fossil fuels since the resources are readily available, and they are less expensive.   

In other words, in order to commercialize synthetic fuels, the approach has to revolve around 

the concept of the large-scale CCU, and how this challenging approach could assume an important 

role in undertaking the issue of global CO2 emissions.  

E-fuels can be considered as part of the energy transition. There are three main possible 

strategies (among others) involving CO2 conversion by physicochemical approaches: sustainable 

(or renewable) synthetic methanol, synthetic methane production derived from the CO2 recovered 

from the flue gases expelled from coal, gas, or oil-fired electric power stations, and photochemical 

production of synthetic fuels [162]. Although these three archetypal areas vary in their final 

applications, the underline thermodynamic considerations revolve around the conversion process: 

hence the utilization of CO2. Also, the CO2 captured from flue gases need to be considered as a 

transitory solution, because the final goal is to capture CO2 directly from the air in order to 

determine the effect of perfect carbon equilibrium. 

Among the possible E-fuels, the focus was geared towards the analysis on e-methane (a gas-

form e-fuel) and e-methanol (a liquid-form e-fuel). In both cases the process consists of mixing 

hydrogen produced by electrolysis (power to hydrogen) with CO2 in order to achieve 

hydrogenation synthesis via a catalytic reactor.  

An energy analysis is then performed, with special consideration to the thermal integration 

(minimization of external heat requirements) via pinch analysis, as well as a final estimation of 

power-to-fuel overall efficiency.  The study demonstrates that power-to-methane and power-to- 

methanol process can achieve efficiency of up to ≈ 77% and ≈ 59%, respectively. The energy 

analysis (based on the process modeling developed for both the systems) and the heat exchange 

network design enabled the development of capital expenditure estimation.  

An economic analysis comparison for the production cost of both synthetic fuels was 

performed with the purpose of highlighting any potential risk related with the systems. The 

economic analysis considered the effect on synthetic fuel cost of some parameters as electrolysis 

specific costs, the expenditure for carbon dioxide, electricity price, and yearly operating hours 

(capacity factor of the plant). In the work, we have concentrated the analysis on the technological 

option of high temperature solid oxide electrolyzer (SOEC), because of its higher electrical 

efficiency and its potential to have a positive thermal integration with other sections of the entire 

transformation chain. The results show that for both systems the SOEC electrolyzer is the greatest 
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capital expenditure of the design. Methanol synthesis plant showed lower efficiency and higher 

investment costs; on the other hand, fossil-based methanol has higher costs ($/MWh) than fossil 

methane; thus, the breakeven point of electricity price (i.e., that making economically comparable 

synthetic and fossil fuel) is similar for the two considered cases.  

It was concluded that, to produce an economically attractive market for e-methane and e-

methanol, the production plants should maintain a utilization factor of approximately 50%, the cost 

of SOECs should be near to 1050 €/kW and the electricity required to run the system needs to be 

supplied from renewable sources at a very low cost (below 40-50 $/MWh). 

 

 

Figure 4.1. Technical and economic layout of the production of synthetic fuels (methane and 
methanol) 

 

Figure 4.1 is a graphical overview of the two chemical processes used to synthesize methane and 

methanol from CO2, H2O and the use of renewable energy.  The goal is the compare the efficiency 

between the two processes when producing both e-fuels. The graph also depicts the economic 

analysis by comparing synthetic vs. fossil-based methane and methanol.  Finally, a cost 

comparison is conducted in order to determine which of the two e-fuels would be the most 

economically attractive to investor’s bottom line when compared to fossil fuel alternatives. 
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CO2 capture and CO2 neutral fuels 
 

CO2 neutral fuels are synthetic hydrocarbons produced from recycled carbon dioxide and 

water Figure 4.2. These molecules are split and subsequently synthesized into fuels by employing 

renewable energy such as wind and solar energy. After synthetic fuel combustion process, the CO2 

emitted is recycled Figure 4.3. This CO2 is captured from point source initially, but eventually 

must include direct air capture to account for emission from inherently dispersed source such as 

petrol-driven motor cars, airplanes and gas-fired household appliances. By recapturing and re-

using the CO2 emitted, the CO2 cycle is closed, establishing an equilibrium condition. 

 

 

Figure 4.2. CO2 utilization diagram [163] 
 

 

 

 

Figure 4.3. CO2 recycled synthetic fuel cycles [164] 
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The conversion of carbon dioxide into fuels and chemicals permits for the displacement of 

fossil-based compounds used in the chemical, transport, power production, pharmaceutical sectors.  

Nowadays there are different commercial technologies to capture carbon dioxide from energy 

production processes. Three technology routes are currently most intensively discussed: CO2-

capture from the flue gas stream after combustion (post-combustion), the use of nearly pure 

oxygen for fuel combustion instead of air which increases the CO2-concentration of the flue gas 

(Oxy-fuel) or the CO2-capture from the reformed synthesis gas of an upstream gasification unit 

(Pre-combustion) [165]. 

Integrated gasification combined cycle (IGCC) and oxy-coal combustion (OCC) are 

promising alternatives for CO2-free power generation. IGCC plants integrated with CCS are more 

affordable, due to integration with the more effective CO2 pre-combustion capture technology, 

with an energy penalty of about 7–10 percentage points. Also, oxy-fuel combustion can be an 

interesting solution for CO2-free power generation from coal and other fossil fuels, involving a flue 

gas mainly composed by CO2 and water vapor, which can be easily separated [166]. 

When considering cost, the oxy-fuel combustion could reach better results: for example, in a 

cement production the oxy-fuel leads to achieve an increase of the 32% of the production cost 

(with respect to the 102% of increase for the post combustion capture). The lower CO2 avoidance 

cost is represented by oxy- fuel option with 55 € per ton of avoided CO2 [64].  Carbon dioxide 

conversion into syngas has been recently studied to reduce emissions and improve the efficiency of 

coal gasification processes [167]. 

 

E-fuels related technologies 
 

The Global CO2 Initiative (GCI) led a market assessment by applying five key criteria CO2 

potential, permanence of capture, willingness to pay, ease of implementation, side effects and co-

benefits), both economic and environmental to assess CO2-based products Table 4.1. Market 

Assessment: Criterial for selecting technologies [12]   [56]. GCI based its conclusion on five-year 

research that was completed in early 2016. 
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Table 4.1. Market Assessment: Criterial for selecting technologies [12] 

 

 

The detailed market assessment study found that carbon utilization has the potential to reduce 

carbon emissions over 10% by 2030 [56]. The study analyzed the current state of CO2 utilization, 

assessing almost 180 global technology developers based on their stage of development, 

addressable market size, number of developers, and potential for CO2 mitigation.  Momentum is 

favorable for four major markets: building materials, chemical intermediates, fuels, and polymers 

Figure 4.4 [12]. 

 

Figure 4.4. Market Assessment: Top 4 markets in terms of environmental impact and commercial 
opportunity [12] 
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Even though the manufacturing of polymers through CCU technologies is not yet 

economically favorable, other CCU technologies, such as mineral carbonation and concrete curing 

for the development of building materials, are currently readily scalable and partially 

commercialized [12]. According to GCI’s research, the markets for fuels and chemical 

intermediates (e.g., methanol and methane), present the broadest areas of market applications.  

 Methane is mostly used in three key sectors: transportation, electricity production and civil 

heating sector [168]. Furthermore, due to the gradual global outspread of the creation and 

advancement of clean electricity policies, methane can play a fundamental role in the near future. 

This is especially the case when considering the substitution of fossil methane with renewable 

methane, in the form of bio-methane and synthetic methane (which is the analysis conducted in 

this study).  

Methanol production is one of the most effective and mature CCU routes. Syngas is converted 

into methanol by the exothermic reaction (Eq.10): 

 

CO + 2H"(3)	®	CH!OH,							(	∆H"./0
1

= −91.0
#$
%&'	)                (Eq.10) 

 

Methanol can already be used as substitute fuel in internal combustion engines (ICE)-powered 

cars (including hybrid cars and plug in models) with minor modifications to existing engines and 

fuel systems [92]. Methanol can also be used to produce dimethyl ether (DME) via its dehydration 

or employed as a reagent for transesterification reactions in biodiesel production [169]. Several 

studies have focused on methanol synthesis, e.g., integrated with enhanced gas recovery [170] or 

biogas production [171]. Under normal conditions, methanol is a liquid that permits for easy 

storage, transportation, and distribution, a similar process used with gasoline and diesel fuel.  

To sum up, methanol production is one of the most effective and mature CCU routes with 

hydrogenation of CO2 because it can be considered a commodity chemical (not only DME, but 

also ethylene, and propylene, two chemicals produced in large amounts by the petrochemical 

industry) [38].  

It is worth noticing that both methane and methanol, can also be utilized in fuel cells to 

produce electricity; either directly [172][173] or indirectly, after an external reforming process 

converting the fuel into hydrogen and carbon monoxide [174][175]. 

The main energy input for these conversion technologies is usually considered as renewable. 

This is an important requirement for these technologies, the primary energy input needs to have a 

low CO2 emissions intensity to have a positive balance of CO2 reduction in the whole process. 
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In the renewable source domain, the largest exponents are currently solar, wind, and 

hydropower. However, the progressive dispersal of renewable energy has caused some issues 

related to the energy system management due to the natural intermittency of renewable energy 

sources (RES).  

Over the last twenty years RES has grown at an average annual rate of 2.2%; solar and wind 

power penetration increased with average annual rates of 46.2 and 24.3%, respectively [176]. In 

this context, the need of effectual management in the face of the increasing amount of RES-based 

electricity can be confronted in various ways, most likely also considering solutions based on 

power-to-gas and power-to-liquid technologies; through these technologies it is feasible to store 

power directly into an existing infrastructure (e.g., the gas network) evading the waste of RES or 

its limitations. In fact, thanks to power-to-fuel paradigms, RES development can also meet non-

electric energy needs such as fuels for transportation and industry feedstock, which currently rely 

on fossil fuels. Therefore, the conversion of surplus renewable electricity into a more appropriate 

chemical feedstock (power-to-liquid and power-to-gas) could help offset RES intermittency while 

delivering a diverse mix of energy carriers. If recycled CO2 is used in the fuel synthesis process, 

consequently, the overall emissions reduction will follow [177]. 

In the power-to-fuel pathway, low-cost surplus electricity is used to feed the electrolyzer that 

generate hydrogen (H2) from water. The subsequent catalytic reaction between H2 and CO2 allows 

the production of gaseous methane or liquid methanol. Focusing on electrolysis, two low-

temperature technologies are available: alkaline and proton exchange membrane (PEM) 

electrolyzer operating in the range 60-90 °C and 40-80 °C, respectively [178]. However, a more 

encouraging technology (in terms of conversion efficiency) is the one that incorporates solid oxide 

electrolysis cells (SOEC): the operating temperature (700–900 °C) of this device is higher than the 

technologies mentioned above [179]. High-temperature solid oxide electrolysis system can achieve 

better results of a PEM system (energy efficiency until 14% higher, reaching a maximum 

efficiency of 75.9%) working at high hydrogen production rates (i.e., high current density) [177].  

Nevertheless, the deployment and commercialization of new technologies developed to 

produce synthetic fuels must be economically appealing to investors, especially if compared to 

current prices of fossil derived commodities. To generate an attractive market, it is vital to advance 

and apply certain facets of the development of the synthetic fuels production, for example: 

reducing the cost of certain electrolysis technologies and using of the electricity input in periods of 

low market prices of the commodity. 

In this context, the goal is to compare two different types of production plants designed to 

produce methane and methanol through the process of high-temperature electrolysis carried out by 
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solid oxide electrolyzer (SOEC). The first plant is based on the coupling between steam 

electrolysis and two catalytic reactors fed with a stoichiometric mixture of hydrogen and carbon 

dioxide (H2/CO2 molar ratio of 4) slightly diluted with unreacted steam.  

The resulting chemical reaction allows the production of a synthesis gas with high methane 

content. The second plant differs from the first one for the reactor section: the H2-CO2-H2O 

mixture feeds a high-pressure catalytic reactor where methanol, water and carbon monoxide are 

formed. A subsequent distillation allows to separate the methanol from the other by-products. 

Energy analysis has been carried out to evaluate the power-to-fuel overall efficiency, while 

economic analysis enabled the comparison between synthetic and fossil-based (conventional) 

fuels.  

The analysis of the two concepts allowed to underline potential and drawbacks related to the 

considered processes and technologies. If compared to other previous studies [180] [181], in this 

analysis a comparison between SOEC-based methanol and methane is carried out, both from an 

energy and economic standpoint. The comparison highlights the dissimilarities in terms of process 

design, overall power-to- fuel efficiency and synthetic fuel production cost (including its 

sensitivity to CO2, electricity and SOEC price). 

 

4.2. Technical Methodology 
 

Methane production 
 

The synthesis of methane can be done exploiting the reaction between anthropogenic carbon 

dioxide and renewable hydrogen Figure 4.5.  Under exothermic reaction (Eq.11), the 

hydrogenation of CO2 produces methane and water as by-products (Sabatier reaction).  

 

CO"(3) + 4H"(3) ↔ CH( + 2H"O(3)							(	∆H"./0
1

= −165.0
#$
%&'	)              (Eq. 11) 

 

The operating temperatures are generally slightly higher than to produce methanol (250-

400°C) at similar pressure values.  Several metals such as Ni, Ru, Rh, and Co may be used as the 

catalyst for the methanation reaction. Ni-based catalysts represent a good compromise due to 

relatively high activity, suitable CH4 selectivity, and low raw material price [182]. The catalysts in 

this case are generally Ni-, Rh- or Ru-based [40] 
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Figure 4.5. Synthetic methane production overview [183] 
 

 

The equilibrium of the reaction is influenced by pressure and temperature; in thermodynamic 

equilibrium and high pressure favors the production of methane; however, high temperature limits 

methane formation. Catalytic methanation reactors are usually operated at temperatures between 

200°C and 600°C and at pressures ranging from 1 to 100 bar. As previously mentioned, 

methanation reaction is highly exothermic; consequently, this presents a major problem because a 

methanation reactor must have suitable temperature control to prevent thermodynamic limitation 

and catalyst sintering [184].  

In large-scale industrial applications and for continuous operations, the temperature control is 

attained with a series of adiabatic fixed-bed reactors and intercooling of the stream between each 

reactor. However, power-to-gas processes are implemented at smaller scales, with intermittent 

operations, for which adiabatic reactors are not suitable.  

In this context, isothermal reactors where a cooling fluid directly chills the reacting mixture 

are usually preferred. Other types of reactors such as fluidized bed reactors, three-phase reactors or 

structured reactors are also being researched, however these technologies are still in the 

development phase [185]. By rising the allowable temperatures for methanation catalysts, methane 

synthesis can be performed by a once- through method in quasi-isothermal reactors cooled by 

evaporating water which generates saturated steam. Under favorable conditions, such systems may 
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produce a synthetic natural gas (SNG) with methane content above 90 mol.-% in only one catalytic 

step [186]. 

 

Methane production 
 

Methanol can be produced from CO2 in two different ways: in one step or in two steps. The 

one step conversion is the direct hydrogenation of CO2 to methanol. The two-step conversion 

reduces CO2 into CO by breaking the carbon dioxide C=O bond through the reverse water gas shift 

(RWGS) reaction, and then into methanol by the reaction between CO and H2.  In this analysis, the 

conversion of CO2 in one step was employed. Some routes of conversion of CO₂ to produce fuels 

are shown in the following Figure 4.6. 

 

 

Figure 4.6. CO2 utilization diagram [181] 
 

 

Exothermal reactions (12) and (13) allow the production of methanol starting from hydrogen 

and CO or CO2, respectively. The RWGS reaction (14) occurs in parallel [187].   

 

PQ(5) + 2A"(5) ↔ PA!QA(-)														∆A = −128
)*
+,- (298	R)									             (Eq. 12) 

 

PQ"(5) + 3A"(5) ↔ PA!QA + 	A"Q														∆A = −87
)*
+,- (298	R)							             (Eq. 13) 
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PQ"(5) +A"(5) ↔ PQ(5) +A"Q(5)							∆A = +41
)*
+,- (298	R)								             (Eq. 14) 

 

RWGS and one of the two hydrogenation reactions are enough to completely describe the 

system.  Methanol synthesis is exothermic and involves a decreasing number of moles, thus it is 

favored at relatively low temperature and high pressure [187].  

The process depends on availability of waste heat in the power plant to provide thermal 

energy to the process in order to have a significant abate of CO₂. In the absence of these thermal 

sources, CO₂ abatement is almost null [181].  

The methanol synthesis is composed by four main steps Figure 4.7. 

1. H₂ production (water electrolysis unit) 

2. Syngas compression 

3. Methanol formation reaction 

4. Methanol distillation 

 

 

 

Figure 4.7. Synthetic methanol production overview [188] 
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 In methanol production (Fig. 4.7) the conversion rate is dependent on temperature, thus the 

key challenge in the design of reactor systems deals with the reaction heat rejection, to follow as 

close as possible the highest rate as the reaction advances. A significant number of concepts are 

commercially available today to achieve low catalyst volume, low outlet temperature (high 

conversion), heat recovery at high temperature (good energy efficiency) and low by-product 

formation. A possible concept consists in a multi-tubular reactor cooled with evaporating water, 

where each tube is filled with the solid catalyst. 
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4.3. Technology Description 
 

 A model simulating both methane and methanol production plant is proposed. The first 

model aims to reproduce a system based on high-temperature steam electrolysis and methanation, 

while the second simulates a coupling between high temperature steam electrolysis and direct 

hydrogenation of CO2 to produce liquid methanol. Both models were built using the software 

Aspen PlusTM.  For all simulations Peng-Robinson state equation has been chosen as 

thermodynamic model (Aspen PlusTM, 2000). A scheme summarizing the main units and 

components for both the processes is presented in Figure 4.8. 

 

 

 

Figure 4.8. A model simulating the proposed system operation for methane and methanol production 
plant 
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Electrolysis 
 

The inlet water is pumped to compensate pressure drop during evaporation and to enable 

pressurized electrolysis at 15 bar, thus avoiding any further post-compression of the produced 

hydrogen at cathode side (in this process it has been assumed that methanation occurs at 15 bar). 

Reacting water is heated up to have superheated steam at electrolysis inlet. SOEC-based 

electrolysis unit has been modeled according to the water reduction reaction (Eq. 15): 

 

2H"O	®		2H" + O"                   (Eq. 15) 

 

A steam fractional conversion, also known as reactant utilization (RU), has been fixed to 

80%.  If the RU value is exponentially increased this may lead to an increase of diffusion 

overvoltage caused by the so-called starvation phenomenon. The cathode outlet is cooled down to 

35 °C in order to condensate and remove water confined in the SOEC outlet stream, therefore 

shifting the chemical equilibrium of the subsequent catalytic hydrogenation reactions towards the 

products. In the Appendix an Aspen PlusTM flowsheet demonstrates the electrolysis process 

modeling.  

A plant size of 10 MW has been fixed to perform a system comparison between methanol and 

methane production: electrolysis power can be defined according to a First Law balance (Eq.16). 

The size has been iteratively calculated by adjusting the inlet water flow rate. 

 

S!" = ∑#$%& * h$%& – ∑#'# * h'# = T$%&,()& * h$%&,()& + T$%&,)# * h$%&,)# ― T'# * h'#            (Eq. 16) 

 

 Fuel Synthesis 
 

For both methane and methanol synthesis, inlet CO2 is compressed up to the fixed 

hydrogenation pressure and then mixed with H2. 

Methanation unit consists of two isothermal intercooled reactors with intermediate 

condensation of the produced water, because H2O removal shifts chemical equilibrium towards 

products (methane and steam). The reactors considered for the two-step methane synthesis are 

fixed bed isothermal reactors where boiling water on the shell side is used to remove the reaction 

heat (methanation is powerfully exothermal). Operating temperature (300°C) is controlled 

changing the pressure of the boiling water. The model used to describe this reactor is a PFR (plug 

flow reactor) under the following assumptions: one-dimensional heterogeneous model; negligible 
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radial temperature gradient, and axial dispersion in the reactor tube; no temperature gradient 

through catalyst pellet. An inlet pressure of 15 bar has been set according to a previous work [179]. 

A Langmuir-Hinshelwood-Hougen-Watson (LHHW) kinetic model has been used as rate 

equation: kinetics for methane synthesis in a nickel-based catalyst has been taken from the open 

literature [189]. 

The transport phenomena as diffusion resistance within the catalyst pellet have been 

considered to evaluate the effect on reactor kinetics. The single spherical particle of catalyst can be 

treated as a porous medium. An equivalent diffusion coefficient (De) can be defined starting from 

the gas molecular diffusivity and other parameters related to the catalyst pellet as porosity and 

tortuosity: typical values can be found in the open literature [190]. 

The effect of transport limitation has been considered through the effectiveness factor, 

expressing the ratio between the moles of the reactant converted and the moles that would react if 

the concentration and the temperature inside were constant (Eq.17); where Dp is the diameter of the 

catalyst particle and k’ is the ratio between the rate constant calculated with the LHHW expression 

and the concentration of the reactant in the catalyst volume. The effectiveness factors calculated 

(0.35÷0.4) are different for the two reactors because the CO2 concentration is not the same. 

Multiplying the kinetic factor of the LHHW expression by the effectiveness factor, it is possible to 

consider the effect of the CO2 diffusion inside the pores of the catalyst (Eq.18). 

 

η = 3 φ
"

⁄ 	∗ ((	φ/tanhφ) − 1)                  (Eq. 17) 

 

η = 3 φ
"

⁄ 	∗ (	φ/tanhφ) − 1)                  (Eq. 18) 

 

φ = Thiele modulus 

 

Methanol synthesis unit presents only one reactor with a recirculation of the non-reacted 

gases. The reacting stream is heated up to the reaction temperature and injected into the fixed bed 

isothermal reactor. After the reactor, water and methanol are condensed and separated from the 

non-reacted gases in a knock-out drum. Part of the non-reacted gases (5%) is purged to minimize 

the accumulation of by-products in the reaction loop. The liquid stream leaving the knock-out 

drum is called crude methanol: it is composed of methanol, water, and residual gases. The crude 

methanol is laminated to 1.2 bar through two valves before entering the distillation column. 

The packed bed reactor is filled with Cu/ZnO/Al2O3 commercial catalyst pellets. For this 

catalyst, the model proposed by Vanden Bussche and Froment can describe with good precision 
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the reactions of methanol production and the RWGS reaction. The model assumes that the CO2 is 

the main source of carbon for the synthesis. In addition, the model considers the inhibitory effect 

of water formed by the RWGS reaction. The activation energies of reactions were readjusted by 

Mignard and Pritchard to better represent the experimental data, which also expanded the 

application range of the model up to 75 bar [187] [191]. 

 

Advancement 
 

In the methane synthesis process a condenser enables the removal of nearly all the water 

produced during the hydrogenation reaction. A molecular sieve can retain residual water and 

carbon dioxide; the water in the gas pipeline should be maintain at low concentrations because the 

dew point of SNG must remain below a fixed value. The integration of two intercooled 

compressors brings the gas pressure to a value of 60 bar: a typical pressure value of natural gas in 

main pipelines.  

In the methanol production plant, the residual gases contained in the flow that originates from 

the reactor, are completely separated from the liquid contained the reactor outlet (mainly composed 

by water and methanol) in a flash tank. The remaining stream is heated to 80°C in an exchanger 

and then directed to a distillation column. The column was simulated using the Aspen PlusTM 

modelling tool known as ‘RadFrac’. The water is discharged from the bottom of the column at 102 

°C; it contains a small amount of methanol and residual gases. Furthermore, gaseous methanol is 

discharged from the top section of the column at a pressure of 1 bar and temperature of 64°C; the 

discharge also contains small traces of water and non- reactant gases. During the chemical process, 

trivial amounts of by-products such as dimethyl ether (DME), alcohols, and other hydrocarbons 

may remain within the distillation column feed; hence leading 

to a possible accumulation of small amounts of methanol at the top of the column. However, 

this would not preclude its use as fuel [181]. Methanol is then compressed and cooled to 40°C and 

a flash drum separates non-reactant gases from liquid methanol. 
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4.4. Efficiency Analysis and Thermal Integration 
 

Some parameters affecting energy analysis, such as the methanation reactors length, the 

CO2/H2 ratio and the methanol synthesis reactor temperature must be briefly discussed. 

As a constraint for methanation unit, outlet CH4 fraction has been set equal to 95 mol.-% 

(corresponding to a CO2 conversion of ≈ 98.9 %). The length of the first reactor has been 

iteratively adjusted to minimize the overall length (i.e., the catalyst load) of the unit: the 

second reactor length follows because of the first reactor length, due to the constraint on the 

overall conversion. In other words, the second reactor must be long enough to enable the 

achievement of the specified conversion. 

Such optimization led to fix the length of the first reactor equal to 1.2 meters (0.5 m for 

the second reactor), reaching an overall length minimum. This result has a fundamental 

importance in the following evaluation of the cost of the methanation system: the bare cost of 

the reactors and the cost of the catalyst inside the tubes of the reactors are minimized. 

As seen in reactions (Eq.3), (Eq.4) and (Eq.5), three reactions occur in parallel in the 

methanol production: CH3OH formation from CO and CO2 and reverse water gas shift. Due to 

the equilibrium between the reactions and to the recirculation of the non-reacted gases, a 

sensitivity analysis to find the reaction temperature and the ratio between the reactants that 

allows the highest methanol production rate is required.  

During the design of the methanol production unit the electrolysis system size has been 

fixed to correctly compare the methane and methanol plant, implying a fixed hydrogen 

production. Temperature and H2/CO2 ratio affect the reaction kinetics. It is worth noticing that 

the methanol yield decreases when the CO2 flow increases. Furthermore, by increasing the 

CO2 feed some by-products are also produced (e.g., CO).  Both CO2/H2 ratio and reaction 

temperature have been simultaneously adjusted in order to optimize the methanol synthesis 

unit: the maximum value for methanol yield was reached with values of 0.43 and 270 °C for 

CO2/H2 and temperature, respectively. During the optimization reactor length was kept 

constant. 

Exothermal methanation reaction carried out within the catalytic reactors provides heat 

that could be used to evaporate the water required by the electrolysis section. Water pressure 

(affecting evaporation heat) can be iteratively adjusted to have a perfect match between heat 

generated (by the reaction) and heat required (by the evaporation). Pump outlet pressure 

results near 20 bar (against 15 bar needed within the electrolyzer), to make coincide the latent 

heat of evaporation of the water with the available heat at the two reactors. The following 
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lamination in a valve allows to have the correct pressure at the SOEC inlet. For this reason, 

evaporation duty (as well as reaction heat) is not considered during the following thermal 

integration procedure. 

Methanol synthesis reactor works in isothermal condition: reactor cooling is required to reject 

the reactions heat. The reactions that occur in methanol synthesis are less exothermic if compared 

to the CO2 methanation: the heat available at the reactor is thus not enough to cover the thermal 

energy required by the evaporator as it occurred in the previous case. For this reason, the 

evaporating stream before the electrolyzer has been divided between the heat provided from the 

reactor and the heat that is needed from an external source. 

Pinch analysis has been carried out to minimize the external heat requirement (i.e., 

maximizing efficiency) and to design the heat exchangers network (HEN). A minimum 

temperature difference between hot and cold streams has been set equal to 20 °C, in order to 

guarantee an optimum choice between the heat exchange area and the HEN cost [192]. 

 

4.5. Economic Methodology 
 

The aim of this section is to illustrate assumptions and procedures in order to compare the 

methanol and methane production from an economic standpoint and understand how these 

technologies could fit in the current fuel market. 

 

Cost estimation methodology 
 

The capital expenditure calculation has been derived from the methodology proposed for the 

energy system studies by the National Energy Technology Laboratory (NETL) of the US Energy 

Department [193]. Four levels of capital cost have been considered: Bare Erected Cost (BEC), 

Engineering, Procurement and Construction Cost (EPCC), Total Plant Cost (TPC) and Total 

Overnight Capital (TOC). Furthermore, these four capital costs are labeled “overnight costs” and 

are expressed in “base-year” dollars. They do not consider financing costs nor escalation expenses. 

The base year is the first year of capital expenditure. 

BEC is quantified based on an itemized list of all process equipment required for a project, 

together with the estimated cost of all materials and labor needed to complete the installation; 

furthermore, it is expressed in base-year. 

 EPCC encompasses the BEC plus the cost of services provided by the engineering, 

procurement and construction contractor, i.e., related to a contract arrangement used in some 
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industries where the contractor is responsible for all services and activities related to the 

project. These services and activities include detailed engineering design, contractor 

permitting, and project/construction management costs. Usually, this additional cost varies 

between 8% to 10% of BEC: in this work a value of 9% has been assumed. TPC comprises 

the EPCC plus project and process contingencies.  

Contingencies are funds added to the base cost estimate to compensate for cost estimate 

inaccuracies caused by uncertainty and risk exposure. For a small pilot plant, the project and 

process contingencies are estimated at 25% of BEC. This contingency is evaluated at 20% of 

the sum of EPCC and Process Contingency. TOC comprises the TPC plus additional 

overnight costs, including owner’s costs. Owner’s costs are composed of several addends: 

The Inventory Capital (calculated as 0.5% of TPC for spare parts); the land’s cost (3000 

$/acre plus a land surface of 2 acres were assumed); financing cost (estimated as 2.7% of 

TPC), the cost of securing financing the project, plus fees and closing costs; however, it does 

not include interest accrued during construction. Additional owner’s costs were calculated as 

15% of TPC [179]. 

If the TOC of a plant is known, it is possible to calculate the cost of the products through the 

net present value (NPV) analysis. NPV is the sum of all the discounted future cash flows and is 

determined by calculating the costs (negative cash flows) and benefits (positive cash flows) for 

each period of an investment; typically for one year. After the cash flow for each period is 

calculated, the present value of each one is achieved by discounting its future value at a periodic 

rate of return dictated by the market. Because of its simplicity, NPV is a useful tool to determine 

whether a project or investment will result in a net profit or a loss. A positive NPV results in profit, 

while a negative NPV results in a loss. The net present value can be calculated as (Eq.19): 

 

NPV = −TOC + ∑ 	
67
89:

;<8
(:=>)$                  (Eq. 19) 

 

The summation of all the cash flows (CF) considered in the analysis has been made up to 

the useful life of the plant, which in this work has been estimated at 30 years. 

The cash flow has been calculated as the balance between the operating revenues, 

expenses and taxes (Eq.20): 

 

CFn = Revn – Expn - Txn                   (Eq. 20) 
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The revenues are given by the sale of the desired product (methane or methanol) and by the 

oxygen by-product. Expenses are composed by the operation and maintenance (O&M) costs and 

by the costs of the external flows needed from the plants (i.e., electrical energy, carbon dioxide and 

water) (Eq.21). 

 

`ab# = cdeQf + gc ∗ (hijQf + P*+2 ∗  f*+2 + P!" + `!" + P,2+ ∗ f,2+)            (Eq. 21) 

 

O&M are divided into two components; one that is depending on the operating hours of the 

plant, called variable O&M (VAROM), and the other that is constant called fixed O&M (FIXOM). 

Yearly income taxes are calculated as the product between taxable income and tax rate. 

Taxable income is obtained by subtracting to operating revenues the operating expenses and the 

depreciation (Eq.22). 

 

ka# = l& ∗ (jmn# ―`ab# ― omb#)               (Eq. 22) 

 

The depreciation is a technical-accounting procedure for the distribution of a multi-year cost 

over the estimated years of life of the plant: it is constant and can be obtained dividing TOC over 

the amortization period, considered as the lifetime of the plant. 

The final cost of the product (Cprod, expressed in $/MWh) has been calculated as the selling 

price ensuring NPV equal to zero at the end of the operating life of the plant with a fixed discount 

rate (that is also an internal rate of return). 

 

Calculation assumptions 
 

In this section the estimation of the BEC of the designed components (for both treated plants) 

was investigated. The equipment cost has been linked to an attribute of the component. The 

general formula (valid for various type of components) is the following (Eq.23): 

 

Log10 ∗	Pp
0   = p1 + p2 ∗	log10 (i) + p3 [log10 (i)]

2 
       (Eq.23): 

 

where A is the capacity or size parameter for the equipment and k1, k2 and k3 are constant values 

depending on the specific equipment type. The previous formula provides the purchasing 

equipment cost for components operating at base conditions (Cp
0
) which are identified by 
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atmospheric operating pressure and a defined temperature level. In the open literature [194], the 

methodology to obtain the BEC for actual operating condition starting from base conditions is 

provided for some equipment. Operating conditions affect design and materials utilized. Pressure 

effect has been considered through a pressure factor (Fp) (Eq.24): 

 

log10 c- = P1 + P2 ∗ log10 (q) + P3  ∗  [log10 (q)]
2.
               (Eq.24): 

 

where C1, C2 and C3 are constant values depending on the equipment type and p is pressure 

expressed in bar(g). Temperature effect, and consequently the material choice, is represented by a 

material factor (FM), that is provided by tables and diagrams. Therefore, the BEC can be calculated 

as (Eq.25): 

 

PBM = Pp
0 (r1 +r2 cM ∗cP)                (Eq. 25) 

 

The values of B1 and B2 are given for different components. Both Fp and FM are greater than 

one. For compressors and pumps the size parameters for the estimation of the purchasing 

equipment cost are the fluid power and the shaft power, respectively. Pressure factor Fp is present 

only for pumps, while material factors FM have been chosen considering the maximum 

temperature reached. 

Cost estimation for heat exchangers is provided as a function of the heat exchange area. From 

the pinch analysis (which will be presented later) it is possible to calculate the surface for each 

exchanger (Eq.26): 

 

s = g • i • tk."                  (Eq. 26) 

 

where Φ is the heat flow, U is the global heat transfer coefficient, A is the heat exchange area and 

ΔTml is the logarithmic mean temperature difference. U depends on the physical state (liquid, 

gaseous, phase changing) of the involved streams, temperature, and pressure. Heat transfer 

coefficient for each fluid coupling has been taken from literature [195]. Pressure factor c- and 

material factor c/ have been used to calculate the purchasing cost of the equipment: for high-

temperature heat exchangers a Ni-alloy was considered as material. 

Fixed bed reactors have been designed considering the quantity, diameter, and length of 

the tubes. The considered reactors have the following shell-and-tubes structure: the reacting 
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mixture flows inside the pipes that are filled with catalyst pellets; meanwhile outside each tube, the 

coolant (evaporating water) removes the generated heat. The bare cost of reactors has been 

estimated according to equation (Eq.14) and (Eq.15), considering them as shell and tube reactors 

and by utilizing the overall external tube area as cost parameter. The catalyst mass inside each 

reactor has been calculated; due to the catalyst deactivation it must be substituted to maintain the 

activity of the reactions at a chosen value.  

The cost and replacement expense of the catalyst will be discussed in a subsequent section. 

Comparable to the heat exchangers, pressure factor Fp and material factor FM, have been used to 

calculate the purchasing cost of the equipment. The methanol reactor works at a high pressure 

(75.7 bar); hence, significantly affecting the cost. 

Prices for the various components composing the distillation segment of a methanol plant can 

be obtained from the literature [196]. However, the available information is limited to specific 

component sizes; therefore, in order to scale and estimate the cost of a customized piece of 

equipment, the following relationship between BEC and size was utilized [194] (Eq.27): 

 

P = P0 • (S/ S0) f                      (Eq. 27) 

 

S is the equipment cost characteristic that can represent size or capacity and f is a cost scaling 

factor smaller than 1. Subscripts 0 refers to equipment with the base (i.e., available) attribute, and 

S depends on the considered component, in this case it corresponds to the flow rate. The scaling 

factor (sometime referred to a cost exponent) normally depends on the specific type of equipment. 

It is set to a default value of 0.6 giving the “six-tenths-rule” [85] when preferred estimation 

methods are not available. 

The estimation cost of a SOEC, which is the component that has the greater impact on the 

plant cost, has been prepared by following information found in the literature [197]. The SOEC 

cost included in the economic analysis was realized by considering the perspective of market 

experts. The cost is contingent on several factors, such as the presence of research and 

development (R&D) financial backing that funding to support the innovations in materials and 

technology and the increasing in the production that strongly break down the prices (sometimes 

this is called RD&D that stands for Research, Development and Deployment). In this analysis four 

different cases were considered: 
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• The capital cost of a SOEC, considering current R&D financial funding and no production 

scale-up, is estimated to be 2500 €/kW by the year 2020 (this value represents the 10th 

percentile of the expert’s evaluations). 

• The capital cost of a SOEC, considering current R&D financial funding and no production 

scale-up, is estimated to be 1050 €/kW by the year 2030 (this value represents the 50th 

percentile of the expert’s evaluations, i.e., the average value) 

• The capital cost of a SOEC, considering current R&D financial funding and no production 

scale-up, is estimated to be 750 €/kW by the year 2030 (this value represents the 10th percentile 

of the expert’s evaluations). 

• The capital cost of a SOEC, considering current R&D financial funding and production scale- 

up, is estimated to be 450 €/kW by year 2030 (this value represents the 10th percentile of the 

expert’s evaluations). 

 

FIXOM 

FIXOM is independent of the effective operating hours of the plant. The estimated costs 

of the plant include: the yearly catalyst replacement for methanation (valued at 15539 $/m3) 

[193] and the catalyst replacement for the methanol reactor (fixed at 118 $/kg) [196]. Other 

costs considered are the labor cost, set at 75,000 $ per year/per worker. Considering that the 

plant is highly automated, only one operator is considered in the calculations [179]. The 

conventional maintenance cost has been considered equal to 0.5% of TOC. Also, the stack 

replacement of the electrolysis section must be considered. This replacement is associated 

with the cells limited life cycle. Usually, the lifetime of a stack is estimated at 5 years, but in 

this work the replacement cost is spread during the whole lifetime of the plant, considering it 

as the 2.5% of the TOC. 

 

VAROM 

VAROM depends on the Utilization Factor (UF), representing the ratio between the 

yearly operating hours of the plants and the total hours in a year. The costs usually considered 

are related to the external requirement of the system in terms of carbon dioxide, water, and 

electricity usage. In this work, the cost of CO2 has been valued of 9 $/t. However, this CO2 

cost could oscillate between 3 $/t and 9 $/t over time [198]. Additionally, a long-term CO2 

avoidance cost is estimated at 0.43 $/t [176]. Other costs considered are water, set at 1 $/t 

[164]; electricity cost has been weighed at values ranging from 0 - 100 $/MWh to take into 

account various scenarios and the current electricity market price [196]. 
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Global assumptions 

 

Oxygen produced in the electrolysis section is a by-product that can be sold: its price has been 

considered equal to 79 $/t according to the open literature [199]. A tax rate of 20 % has been 

considered during the discounted cash flow analysis. 

Energy prices in the EU depend on a range of diverse supply and demand market conditions 

that include geopolitical situation, the national energy mix, import diversification, network costs, 

environmental protection costs, severe weather conditions, and levels of excise and taxation.  

Natural Gas (methane) prices is affected by the end user; therefore, two different values 

(defining the price interval) have been considered: an industrial customer price equal to 37 $/MWh 

and a household customer price equal to 80 $/MWh. These values include taxes and levies for 

household consumers; however, it excludes refundable taxes and levies for industrial consumers 

(Eurostat, 2017, http://ec.europa.eu/eurostat.). 

The methanol market involves a price volatility that is associated to the variation of crude oil 

prices. For this reason, an upper and a lower bound price have been considered (“Methanex Web 

page.,” 2018, https://www.methanex.com). MeOH lower and upper bound prices have been set at 

69 and 90 $/MWh (on LHV basis), respectively. 

 

4.6. Results and Discussion 
 

Thermal integration and plants energy performance 
 

Figure 4.9 shows the composite curves for both the systems. Three zones should be noted: (i) 

the pinch point, i.e., where minimum temperature difference (20 °C) between hot and cold fluids 

occurs; (ii) the external heat requirement, represented by the difference between hot and cold 

composite curves in the right side of the charts; (iii) the wasted heat represented by the difference 

between hot and cold composite curves in the left side of the chart. In the methanation case, the 

plateaus corresponding to water evaporation (cold fluids) and reaction heat (hot fluids) are not 

presented. The reason being the good coupling between the available heat at the methanation 

reactors and the thermal requirement for the evaporation before the electrolysis. 
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Figure 4.9. Composite curves for hot and cold streams: methane (a) and methanol (b) synthesis 
 

Table 4.2 the main results related to the minimization of external heat are presented. The 

methanation plant demonstrates a superior integration because of its lower external heat 

requirement which eventually will affect the entire efficiency evaluation. The lower energy 

input for methane production is due to the ideal match between the heat produced (reaction 

cooling) and the heat required (evaporation). In the case of methanol, the rejected heat 

realized during the exothermal reaction can still be exploited to evaporate water; nonetheless 

it represents only a fraction of the required heat duty for evaporation. The heat produced by 

the reaction (145.2 kW) is smaller than the thermal energy required by the evaporator (436.6 

kW). Only ≈ 33% of the evaporation heat is provided by the reactor cooling, while the 

remaining amount should be provided by external means or via thermal integration with hot 

process streams.  

Table 4.2. Pinch Analysis Results for both plants 

 SOEC + 
Methanation 

SOEC + Methanol 
production 

Tpp (℃) 790 209 
#heat,min (kW) 40 802 
#cool,min (kW) 1145 1210 

 

The overall system efficiency can be calculated as the ratio between the chemical power 

of the products (methane and methanol) based on the heating value and the total energy input. 

This ratio is composed of the AC electric input for electrolysis, the power to drive 

compressors and pumps, and the energy required for the electric heaters needed to provide the 

external thermal energy.  

����	�������
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Figure 2. Composite curves for hot and cold streams: methane (a) and methanol (b) synthesis. 

In Table 1 the main results related to the minimization of external heat are presented. The methanation 

plant demonstrates a superior integration because of its lower external heat requirement which 

eventually will affect the entire efficiency evaluation. The lower energy input for methane production 

is due to the ideal match between the heat produced (reaction cooling) and the heat required 

(evaporation). In the case of methanol, the rejected heat realized during the exothermal reaction can 

still be exploited to evaporate water; nonetheless it represents only a fraction of the required heat duty 

for evaporation. The heat produced by the reaction (145.2 kW) is smaller than the thermal energy 

required by the evaporator (436.6 kW). Only ≈ 33% of the evaporation heat is provided by the reactor 

cooling, while the remaining amount should be provided by external means or via thermal integration 

with hot process streams. 

Table 1 - Pinch Analysis Results for both plants

SOEC + methanation SOEC + methanol production

Tpp (°C) 790 209

Rheat,min (kW) 40 802

Rcool,min (kW) 1145 1210

The overall system efficiency can be calculated as the ratio between the chemical power of the 

products (methane and methanol) based on the heating value and the total energy input. This ratio is 

composed of the AC electric input for electrolysis, the power to drive compressors and pumps, and 

the energy required for the electric heaters needed to provide the external thermal energy.
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 Efficiency can be expressed through the following formula (Eq.28):  

 

η = Powerproduct ÷ Wel = LHVproduct * m product ÷ Wel                  (Eq. 28) 

 

 Table 4.3 summarizes the comparison between the two analyzed systems focusing on 

energy consumption, production, and performance. The higher compression work needed for the 

methanol production is due to the different pressure present in the methanation unit (about 15 bar) 

and in the methanol synthesis reactor (75 bar). Required electricity for pumping before electrolysis 

is slightly higher in the case of methanation, as the water pressure has been increased to allow the 

coupling of the heat requirement in evaporation with the thermal power available to the reactors of 

methanation, as previously pointed out. The total electricity requirement (Wel,input,TOT) takes also 

into account that electrolysis unit is fed with a direct current input: an AC/DC conversion 

efficiency of 98 % has been considered. It is worth noticing that the methanation process presents a 

higher efficiency if compared to the methanol production. This is mainly caused by two factors: 

the largest amount of external thermal energy needed by the methanol plant and the lower 

conversion rate in the methanol synthesis unit.  

 

Table 4.3. Efficiency comparison between the analyzed plants 
 

SOEC	+	Methanation	 SOEC	+	Methanol	Production	

Win,SOEC	(kW)	
	

10,000	 10,000	

Wcompr,CO2	(kW)	
	

118	 319	

Wcompr,	plant	(kW)	
	

52	 384	

Wpump	(kW)	
	

5.9	 4.4	

Wexternal	heating	(kW)	
	

40	 802	

Wel	input,	TOT	(kW)	
	

10,419	 11,713	

LHV	product	(MJ/kg)	
	

50.2	 19.9	

Product	mass	flow	(kg/s)	
	

0.16	 0.35	

Chemical	power	(kW)	
	

8,034	 6,883	

Energy	requirement	(kWh/kg)	
	

18.1	 9.4	
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Economic Results 
 

 Figure 4.10. Total plant cost sharing for the plants: methane (a) and methanol (b)  

shows the capital cost composition for methane and methanol plants. As presented, the SOEC 

cost impact is higher in the methanation plant because of the lower total investment cost with 

respect to the methanol plant. The higher pressure and the greater heat exchange duty needed 

in the methanol production represent the main cost difference between the two plants. 

 

 

 

Figure 4.10. Total plant cost sharing for the plants: methane (a) and methanol (b) 
 

 

 The total plant cost (TPC) for all the components of both plants needs to be escalated from 

the available year to the chosen base year. The base year to which all cost estimations refer to is 

2017. The assumptions that are useful for capital cost estimation are summarized in the tables 

below  Table 4.4 and Table 4.5. The base cases for the economic analysis of both plants have been 

done considering a possible, near-term scenario in the SOEC price (2030 R&D 1 x 50th).  Even 

though the TPC ($) for SOEC is the same for both plants, the pie charts above represent the share 

cost of all the components.  
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Table 4.4. Methanation Plant 

Section 
Reference 

Year 
Cost in Reference 

year [$] 
 BEC [$] TPC [$] 

Compressor 2006 762203,67  1025221,9 1630102,8 

Pump 2002 1800  3057,634 4861,6 

Heat Exchanger 2008 1343134,9  1334003,3 2121065,2 

Reactors 2008 164654,21  163679,92 260251,1 

SOEC 2017    12940000 
    TOTAL 16956281 

 

Table 4.5 Methanol Production Plant 

Section 
Referenc

e Year 
Cost in 

Reference year [$] 
  BEC [$] TPC [$] 

Compressor 2006 3162988  4254459 6764590 

Pump 2002 1800   
3057,63
4 

4861,6 

Heat Exchanger 2008 2626813  2608954 4148237 

Reactors 2008 111546,8   
110886,
7 

176309,9 

Distillation 
Column 

2016 164081,4  
172150,
9 

273720 

SOEC 2017       12940000 

        TOTAL 24307718 

 

Table 4.6 summarizes the main economic results; these values are obtained considering the 

baseline assumption for some parameters such as: utilization factor (0.8), oxygen selling price (79 

$/t), and carbon dioxide cost (9 $/t) (According to the IEA the price of CO2 in 2017 for advanced 

economies ranges between 5-16 USD/tCO2 and for emerging economies between 0-5 USD/tCO2) 

[200].  Electricity cost in the base case has been set equal to 30 $/MWh but it will be varied during 

the sensitivity analyses. The costs for a methanol synthesis plant are higher if compared to a 

methane plant. These expenditures are related to capital costs, O&M costs, and electricity (due to 

the lower power-to-fuel overall conversion efficiency). Moreover, the energy per year stored in 

chemical form is lower for the methanol plant. Although the two technologies are not so different 
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in terms of economy return because of the competitive prices of the fossil methane in the 

actual market.  

 

 Table 4.6. Cost comparison between the plants 
 CH4 synthesis MeOH synthesis 
TPC ($) 16,956,281 24,307,718 

TOC ($) 20,387,450 29,223,877 
O&M ($/yr.) 687,789 858,379 

CO2 cost ($/yr.) 100,518 173,487 

H2O cost ($/yr.) 22,860 22,860 

Electricity cost ($/yr.) 2,190,504 2,462,440 

Energy production (MWh/yr.) 56,305 48,237 

  

Cost, setting a utilization factor equal to 0.8, and by considering various scenario of the SOECs 

cost. 2,500 €/kW case illustrates the current SOEC price; the breakeven point is reached only if the 

electricity cost consumed is nearly zero (in the cases of “industrial natural gas” and “MeOH low 

price”). As shown in the scenarios on future cost reduction for SOECs, the breakeven point takes 

place at higher electricity price. The linear behavior of the lines describes the product cost, a linear 

dependence from the electricity cost. The slopes of these lines are steeper in the case of methanol; 

this means that the impact of the electricity cost is higher for the methanol due to the lower 

efficiency of methanol production. Each curve has been obtained with a carbon dioxide cost of 9 

$/t. . When considering the household market prices of natural gas (NG) for a single-family 

household, it appears that the methanation process improves when compared to methanol 

production.  
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Figure 4.11. Synthetic fuel cost by varying electricity cost and SOEC price scenario: methane (a) and 
methanol (b) synthesis 

 

Figure 4.12  represents the cost of the products (methane and methanol, respectively) as a 

function of the electricity price, still setting a utilization factor equal to 0.8, for a specific SOEC 

cost equal to 1050 $/kW, but in this case the results are highly dependent on the cost of CO2. The 

distance between the two lines is greater in the case of a methanol synthesis plant. The cause for 

this phenomenon is the higher amount of CO2 required from the stoichiometry of the methanol 

formation reaction.  

 

 

Figure 4.12. Cost of the product vs. electricity price for different CO2 costs: methane (a) and methanol 
(b) synthesis. 
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 Figure 4.13  shows the combined impact of the SOEC stacks specific cost and the 

utilization factor (UF) on the synthetic fuel price. In this last case some optimistic 

assumptions have been taken in order to simulate a future power-to-fuel scenario: the 

electrical energy cost has been set to zero considering that power-to-fuel plants should exploit 

surplus energy from a network that can provide the power free of charge, thus if the power-to-

fuel system offer a service to the electric grid in terms of surpluses mitigation. In addition, the 

CO2 cost has been fixed at 3 $/t, using the threshold value considered in the previous cases, 

awaiting those developments of carbon sequestration technologies become cost efficient, 

hence lowering the cost of captured CO2. The tax rate has been set to zero, implying there 

is/are incentive/s provided by supportive entities interested in lowering the cost of these 

“green” technologies.  

 

 

Figure 4.13. Fuel cost by varying use factor and SOEC cost with electricity price = 0: methane and 
methanol 

 
 

As expected, an increase of the utilization factor results in a lower synthetic fuel 

production cost. This is due to the lower impact of the capital expenditure; given this position 

remains equal while the number of equivalent operating hours (i.e., the produced fuel 

mass/energy) per year rises. 

gc represents the fraction of the operating time during the year: in a power-to-fuel 

scenario the UF is not so high because it represents the time in which the electrical energy has 

a price close to zero. Considering the current price of a SOEC stack, the breakeven point is 

reached at UF equal to 50% for the NG household price, while a higher UF (≈ 85%, not 
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shown in the figure) is required to compete with the current industrial NG market price. If the 

power-to-fuel system operates as an energy storage system; UF equal to 85% signifies 

frequent electricity surpluses (≈ 7500 hours per year). Nonetheless, when evaluating power-to-fuel 

operations in a more realistic manner, the value of UF becomes lower and the cost of electricity is 

cheap.  

If a SOEC cost of 1050 €/kW is considered, the framework changes substantially; the 

breakeven point is attained with a UF equal to 45 % (that implies ≈ 4000 yearly operating hours) to 

reach a production cost comparable to the NG industrial price. As expected, as the breakeven gc 

decreases, the SOEC specific cost shrinks. Under the most optimistic assumption (i.e., free 

electricity, CO2 price of 3 $/t and SOEC cost equal to 450 $/kW) the breakeven occurs at UF equal 

to 25 % (synthetic methane competitive with industrial fossil NG).  

The situation is slightly different for methanol; with the current costs of SOEC, the creation of 

a competitive market can be achieved if UF is between 65% and 80% (not shown in the figure). In 

the scenario with SOEC cost equal to 750 €/kW, on the other hand, with a UF between 42% and 

50% it is possible to compete with fossil-based methanol.  

The very low cost of fossil NG for industrial use means that it is very difficult to contend the 

economic benefits if compared to synthetic natural gas. The production of methanol, on the other 

hand, compensates for the greater investment and operating costs with a higher market price. 

Results of this analysis show that the economic viability of power-to-gas for grid injection requires 

the reduction of capital cost (especially of the SOEC) and the availability of low electricity prices. 

Nevertheless, it is possible to generate revenue from financial investments if some major changes 

in the current development of the technology occur. Some of these changes are: boost R&D efforts 

(especially on electrolysis technology) and project costs optimization (e.g., mutualization of 

infrastructures, standardization of procedures and equipment). The exploitation of low-priced 

renewable electricity (e.g., 30 $/MWh for 6500 hours/year) requires an energy mix with very high 

share of technologically- mature wind and solar power produced by these sources and including 

their integration with other conventional power sources within the electric grid. This target could 

be achieved either through tax exemptions, policy incentives or specific project configurations 

(e.g., power-to-gas plant located close to industrial sites already exempted from the tax or to 

baseload production plant, depending on the regulation framework), amongst other possible 

solutions.  

Finally, with a review of the economic analysis for the methanol plant it was evident that the 

commercialization of a cost-efficient technology could be achieved in the medium to long term 

(approximately 15-20 years) (Dairanieh et al., 2016). It is imperative that resources are invested in 
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R&D efforts, especially those related to electrolysis technology and scale effects of the SOEC 

system. Moreover, the power-to-methanol process could become economically viable if the fuels 

produced by the plant are not taxed (i.e., competing with prices of taxed-gasoline). 

 

4.7. Conclusion 
 

The pathway of synthetic fuels has been modeled in their technical and economic features, in 

order to analyze potential technical barriers and its production cost. The pathways considered a 

synthetic fuel in gas form (synthetic natural gas CH4: lower energy density, easy distribution, 

market opportunities in the stationery and transportation sectors) and in liquid form (synthetic 

methanol CH3OH: higher energy density, market opportunity as fuel but especially as chemical 

precursor).  

A model simulating the system operation is proposed both for methane and methanol 

production plant. Both systems start from water and CO2 as raw materials. The first model aims to 

reproduce a system based on high-temperature steam electrolysis (the study has been focused on 

the selection of the electrolysis section to ceramic electrolyzer, due to its higher efficiency and the 

option to work in co-electrolysis of both H2O and CO2) and methanation, while the second model 

simulates a coupling between high temperature steam electrolysis and direct hydrogenation of CO2 

to produce liquid methanol. Both models were developed by using the design tool Aspen Plus. 

A detailed economic model was then developed to compare the energy and economic costs 

for the production of methane and methanol and to understand how these technologies could fit in 

the current fuels market.   

The main outcomes from the study are: (i) inspecting the methane production plant, (ii) 

observing the great exothermicity of the reaction that allows for an exceptional thermal integration 

between the fuel synthesis and the steam generation, (iii) discerning the extreme minimization of 

the external heat requirement to conduct the production process. The strong thermal integration, 

combined with the high conversion reached within the catalytic reactors, leads to a high conversion 

efficiency (≈77%). On the other hand, the production of methanol requires a higher reaction 

pressure. Consequently, if the higher reaction pressure is combined with the minimal heat available 

from the reactor, the efficiency of the system diminishes (≈58%) due to the higher demand for 

external energy. The need for higher pressure for the production of methanol means that the initial 

investment and O&M costs are greater. 
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Considering a fixed electrolysis size (10MW) the CO2 utilization for the synthesis of 

methanol is larger than the CO2 consumed for methane production (1,594 kg/h vs. 2,751kg/h) due 

to the stoichiometry of the process chemical reactions. 

When evaluating a sensitivity analysis, it was concluded that the two measured systems 

present similar economic performance, unlike the difference between the efficiency of the two 

analyzed concepts. With a current market cost for SOEC (2,500$/kW), the breakeven electricity 

price (allowing a production cost comparison analysis with the upper fossil-based bound) is very 

low: 3 and 20$/MWh for synthetic methanol and methane, respectively.  Thus, the electrolysis cost 

decrease allows for a wider spectrum of suitable electricity prices: e.g., below 40 and 60$/MWh 

for methanol and methane, respectively, when considering the most optimistic SOEC cost 

assumption (450 $/kW). In the scenario assuming no cost for input electricity (an increasing 

frequent situation in developed countries), the capacity (or utilization) factor ensuring the 

competitiveness of power-to-fuel system ranges between 20-50% (synthetic methane) and 30-60% 

(synthetic methanol). 

 It was concluded that to produce an economically attractive market for methane and 

methanol, in the present market conditions, the production plants should maintain a utilization 

factor of approximately 50%, the cost of SOEC should be near 1,050 e/kW, and the required 

electricity to run the system needs to be supplied from renewable sources at a very low cost (below 

40-50 $/MWh). 

 This economic analysis is based on an “optimal” scenario of utilizing “low-cost” energy, 

for the operation of the synthetic fuel plants.  In a more realistic scenario, the use of carbon pricing 

instead, would have been perhaps a more appropriate approach. 
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5. MINERAL CARBONATION OF FLY ASH 
 

 

Research Question: 
 

 What are the similarities and differences of existing standards and national specifications 

concerning the use of HCFA in construction in the regulatory framework of EU and US? What are 

some challenges presented for the utilization and potential commercialization of carbonated 

HCFA? 

 

Brief Answer: 
 

 The US ASTM standard and national specifications for the use of fly ash involves some 

vague parameters and unclear language in the context of the specifications. Furthermore, the US 

EPA has delegated responsibility to the states to ensure that coal combustion byproducts are 

properly used. Each state, therefore, has its own specification and environmental regulations. Some 

states allow free use of fly ash while others allow limited application; consequently, this leaves the 

specifications vulnerable to partisan interpretation. Additionally, ASTM C618 differentiates the 

two classes of fly ash based only their coal source and chemistry. There are requirements on 

physical properties of fly ash for use in concrete, but the requirements do not differentiate classes 

of fly ash. Fly ash classification based on coal source and the sum of three principal constituents 

was felt to be inadequate as the variations in the constituents for any fly ash have not been seen to 

correlate with the properties of fresh and hardened concrete.  On the other hand, European 

standards (EN) and testing requirements are more restrictive than the US ASTMs. For example, 

differentiates the two classes of fly ash based only their coal source and chemistry. There are 

requirements on physical properties of fly ash for use in concrete, but the requirements do not 

differentiate classes of fly ash. Fly ash classification based on coal source and the sum of three 

principal constituents was felt to be inadequate as the variations in the constituents for any fly ash 

have not been seen to correlate with the properties of fresh and hardened concrete.  

Major challenges for commercialization are: (1) Lack of government incentives for producers 

and manufacturers to embrace the process, (2) Changes in construction codes and standards could 

delay the use of CFA in the construction industry, (3) Coal power plants are being decommissioned 

and there is almost no new construction currently in place.  Consequently, the production of fly ash 

will be dwindling in the not so far future. (4) New entrants may not have the deep pockets an 
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established company possess. (5) The underlying technology has the immediate need to be 

protected in terms of IP.  Based on literature, this topic has not been addressed properly. 

 

Novelty: 
 

  The concept of having standardized regulations and specifications could mitigate the risk 

of design and construction disparity nationwide (possibly international as well). An executive 

board consisting of scientist, researchers, industries, and community, should be assembled to 

develop this concept.  

Utilization of CO2 in the production of construction materials like cement and aggregate has 

relatively low technological barriers. However, these products must be commercially competitive 

in markets that are characterized as being both low-margin, and highly standardized by widely 

adopted technical specifications and building codes. Despite the proven qualities of low-CO2 

building materials, those specifications and codes may or may not currently allow their use in 

many construction applications. This has led developers of low-carbon construction materials to 

focus initially on markets for pavers and other products that are covered by fewer performance 

standards than structural materials. The low-carbon construction materials market could grow 

rapidly in response to building codes that are performance-based and are updated to expressly 

encourage greater use of these materials while ensuring that they meet both quality and safety 

requirements.  

After a careful analysis it has been determined that the lack of an international standardization 

system for some Specifications such as the use of HCFA will help to shape, develop, and expand 

the global construction markets and create a more fair and transparent means to commercialize.  

Furthermore, this concept is more important when we look at the national level. In the national 

level, the lack of standardization can also lead to dangerous practices.  This is the case of the US; 

the proximity of the states, the inherent autonomy given to the states in some of these matters, and 

the lack of accountability in some cases; has the potential for a structural disaster. Thus, there is a 

fundamental need to standardize HCFA specifications, not only to mitigate accidents, but also, to 

create precedence for future applications. 

 

 

 

 

 



 

109 

 

5.1. Overview 
 

 Coal fired thermal power plants are large emitters of CO2; however, coal is extensively 

relied upon for power generation. Furthermore, coal combustion also produces ashes (e.g., fly 

ashes), a solid byproduct, usually discarded in landfills or waterways. To be able to continue the 

use of coal for energy production, low-cost technologies must be developed for capturing, 

utilizing, and storing CO2 (CCUS).  One possible CCUS solution entails the practice of using hi-

tech applications for capturing CO2 from the flue gas of a coal power plant; the recovery of fly 

ashes produced by the combustion of coal; the mineral carbonation (MC) process to produce 

carbonated fly ashes (CFA); and the use of these ashes for the concrete/construction industry. 

Mineral carbonation is a CCUS technology that can capture large amounts of CO2 and convert 

it to solid inorganic carbonates using chemical reactions. MC is one of the only options that results 

in permanent storage of CO2 as a solid, with no need for long term monitoring. Due to the 

product’s stability over long periods of time it makes it ideal for the construction industry; 

furthermore, it eliminates the concern of potential CO2 leaks that could pose safety or 

environmental risks. 

Current R&D activities in MC are focused on attaining energy efficient reactions and reaction 

rates feasible for storage of substantial volumes of CO2 from industrial processes by means of 

industrial waste such as fly ash. (accelerated mineral carbonation). 

Fly ash, an inorganic deposit remaining after coal combustion, is divided into two groups: 

Type F (low-calcium) and Type C (high-calcium) a.k.a. high-calcium fly ash (HCFA) [201].  The 

two types of fly ash are based on its source of origin and composition (i.e., type of coal that is 

burned). Type F fly ash is normally produced from burning anthracite or bituminous coal whereas 

HCFA is produced from burning lignite or sub- bituminous coal. HCFA, for the most part, is 

preferred over Type F fly ash because of its higher content of calcium.  When HCFA is used as a 

complementary cementitious material it can augment some of the physical, behavioral, and 

structural properties of the concrete (e.g., compressive strength, workability, etc.).  Nevertheless, 

when “carbonated” HCFA is used as a complementary cementitious material it can boost some of 

these concrete properties if compared to the use of just HCFA [202]. 

 The prospective for using fly ash as a complementary cementitious material in concrete 

has been known almost since the start of the last century, although it wasn't until the mid-1900s 

that significant utilization of fly ash in concrete began following the pioneering research conducted 

at the University of California, Berkeley [203]. The last 50 years has seen the use of fly ash in 
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concrete grow dramatically with close to 15 million tons used in concrete, concrete products and 

grouts in the U.S. in 2005 [204]. 

 The use of fly ash has great prospective to diminishing GHG emissions by reducing 

mining activities, decreasing CO2 production during the production of materials that can be 

substituted by fly ash (e.g., Portland cement), minimizing the disposal problem usually in storage 

ponds, and helping in the improvement of land utilization.  However, the prospective of a new 

route of cementation by the carbonation of fly ash is still under development but with great 

potential for accelerated commercialization.  The escalation of environmental and economic 

benefits created by this new pathway for cementation are significant if compared to the current 

methods of using fly ash in the construction industry. 

 The work utilizes the data of a recent experimental investigation preformed at UPC as part 

of a work’s analysis.  The experiment consisted of the accelerated carbonation of HCFA under dry 

and moist conditions, at various temperatures and pressures.  The HCFA (consisting of 35.27% 

CaO) used in the UPC experiment came from a coal plant located in Greece.  The source of the 

CO2 utilized in the experiment was intentionally mixed in the lab with the purpose of mimicking 

“untreated” CO2 (i.e., the unadulterated flue gas from a coal power plant= 84% NO2, 14% CO2, 1% 

H2O).  The experiment demonstrated that the highest carbonation efficiency (55.2% and 132.7 

g/CO2/kg fly ash, related to the total CaO %) came from HCFA in dry conditions, at 160°C, 2 

hours, and 6 bars.  However, results showed that rising the pressure and temperature enhances the 

process of carbonation, as well as the presence of moderate amounts of water vapor in the CO2 gas 

flow [201]. The study ultimately concluded that approximately 21% of all CO2 emissions of a coal-

burning power plant could potentially be sequestered as carbonates (Fig. 42) [202].  

The prospective for using fly ash as a complementary cementitious material in concrete has 

been known almost since the start of the last century, although it wasn't until the mid-1900s that 

significant utilization of fly ash in concrete began following the pioneering research conducted at 

the University of California, Berkeley [203]. The last 50 years has seen the use of fly ash in 

concrete grow dramatically with close to 15 million tons used in concrete, concrete products and 

grouts in the U.S. in 2005 [204]. 

 The use of fly ash has great prospective to diminishing GHG emissions by reducing 

mining activities, decreasing CO2 production during the production of materials that can be 

substituted by fly ash (e.g., Portland cement), minimizing the disposal problem usually in storage 

ponds, and helping in the improvement of land utilization.  However, the prospective of a new 

route of cementation by the carbonation of fly ash is still under development but with great 

potential for accelerated commercialization.  The escalation of environmental and economic 
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benefits created by this new pathway for cementation are significant if compared to the current 

methods of using fly ash in the construction industry. 

The work utilizes the data of a recent experimental investigation preformed at UPC as part of 

a work’s analysis.  The experiment consisted of the accelerated carbonation of HCFA under dry 

and moist conditions, at various temperatures and pressures.  The HCFA (consisting of 35.27% 

CaO) used in the UPC experiment came from a coal plant located in Greece.  The source of the 

CO2 utilized in the experiment was intentionally mixed in the lab with the purpose of mimicking 

“untreated” CO2 (i.e., the unadulterated flue gas from a coal power plant= 84% NO2, 14% CO2, 1% 

H2O).  The experiment demonstrated that the highest carbonation efficiency (55.2% and 132.7 

g/CO2/kg fly ash, related to the total CaO %) came from HCFA in dry conditions, at 160°C, 2 

hours, and 6 bars.  However, results showed that rising the pressure and temperature enhances the 

process of carbonation, as well as the presence of moderate amounts of water vapor in the CO2 gas 

flow [201]. The study ultimately concluded that approximately 21% of all CO2 emissions of a coal-

burning power plant could potentially be sequestered as carbonates (Fig. 5.1) [202]. 

 

Figure 5.1. Simplified schematic of UPC’s experimental HCFA carbonation process 
 

 

Highlights of the HCFA carbonation process: 

 

• Carbonation reactor has a small footprint and is placed near the coal power plant 

• Flue gas from the coal gasification is already pressurized (6 bars) and is redirected to the 

carbonation reactor  

• HCFA with 21% content of free CaO is transferred to the carbonation reactor immediately 

after  production from coal processing (2 tons of fly ash is carbonated over 2 hours) 

• Carbonation reaction conditions: 6 bars, 160 C0, 2 hours for 1 part of fly ash fitting to the 

reactor  size (2 tons). The reaction inside the reactor is (Eq. 28): 
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I. CaO + CO2 → CaCO3 (ΔH = -167 
#$

%&'!"#
)               (Eq. 28) 

 

Carbonation of HCFA ashes has two benefits: (i) reduction of CO2 emissions produced by 

fossil fuel power plants and (ii) increase the utilization rate of these fly ashes [205] [206] [207]. 

Carbonation process changes properties of HCFA by lowering the free lime content, what in 

consequence can allow the use of this material for cement production [208] [209] [210]. 

This Chapter also identifies parallels and nonconformities between fly ash (mainly HCFA) 

classifications ASTM International and EU Standards of the most frequently used specifications 

governing certain cement and concrete applications. Technological advances in fly ash applications 

are developing rapidly; however, the shortage of regulatory reaction to these technological 

advances may impede the adoption of those technologies 

 Finally, the Chapter assesses the market and business potentials for developing new fly ash 

configurations (e.g., carbonated fly ash) and its use in the construction industry.  

 

5.2. Mineral Carbonation 
 

Under the framework of CCUS, there is a process called accelerated carbonation (chemical 

adsorption). In this process, alkaline materials are reacted with CO2 in the presence of moisture to 

accelerate the reaction to a timescale of a few minutes or hours [211]. CO2 utilization by 

mineralization as carbonates is related to the accelerated carbonation technology (ACT). Mineral 

carbonation is one of few technologies that work as both capture and storage technologies [212]. 

One of the advantages of MC is the stability of the formed carbonated products over extended 

periods of time. Thus, there would be little need to monitor the disposal sites and the associated 

risks would be very low [213]. 

 The basic goal of accelerated carbonation is to mimic the natural silicate rock weathering 

processes in which CO2 reacts with metal oxide bearing materials to form stable and insoluble 

carbonates, with calcium- or magnesium-oxide being the most favorable metal oxide in reacting 

with CO2 (Fig. 5.2). The process is exothermic and thermodynamically favored, with typical 

enthalpies of reaction ranging from 50 to 100 kJ/mole, depending on the resource materials utilized 

[214] [215].  

 The energy demand for mineralization is high mainly to overcome the slow reaction 

kinetics, as high reaction pressures and temperatures are recommended [216]. Factors that affect 
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the kinetics of the carbonation reaction are exposure conditions, such as CO2 partial pressure, 

source and concentration, temperature, water/vapor content, porosity and permeability [217]. 

 

 

Figure 5.2. Thermodynamic stability diagram of carbon [216] 
 

Industrial residues such as steel making slags, combustion residues, waste concrete, fly ashes, 

etc. are alkaline and also appear to be potential raw materials for CO2 sequestration by accelerated 

carbonation because these materials are generally rich in metal oxides including calcium, 

magnesium, aluminum, iron, and manganese oxide [218]. 

 Currently, accelerated carbonation processes have been focused on assessing and 

maximizing the storage of CO2 by optimizing the operating conditions including pressure, 

retention time, temperature, gas-to-solid (G/S) ratio in direct routes, gas-to-liquid (G/L) ratio and 

gas-liquid-solid (G/L/S) ratio in aqueous routes, gas humidity, gas flow rate, liquid flow rate, 

particle size, and solid pretreatment processes [219].  

 Mineral carbonation encompasses a series of reactions that can take place in a single or a 

multi-step process, also known as direct and indirect carbonation, respectively [220]. In a single-

step process, the extraction of the metal from the mineral medium and the carbonate precipitation 

occurs simultaneously in the same reactor [221]. Direct carbonation takes place under high 

pressure conditions in either dry or aqueous media. Multi-step or indirect carbonation is when 

alkaline earth metal is first extracted from the mineral matrix and subsequently carbonated, it 

usually involves pre-treatment of used minerals  Fig. 5.3. [219]. 
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Figure 5.3. Various process routes of accelerated carbonation for CO2 capture [221] 
 

The process of MC of CO2 offers a pathway for long-term storage as part of the CCUS 

procedure. CO2 reacts with Ca or Mg-rich minerals to form a carbonate along with the release of 

heat energy, as shown in Equation (29) to Equation (33), [222]. The strategy consists in activating 

abundant natural silicate rocks, such as wollastonite (PuvwQ3), olivine (fx2vwQ4), and serpentine 

(fx3vwQ5(QA)4) [223] [224]: 

 

CaSiO0 + CO1 ↔ CaCO0 + SiO1 	,∆H° = −90 23
456!"#

	wollostonite;     (Eq. 29) 

 

Mg1SiO7 + 2CO1 ↔ 2MgCO0 + SiO1 	,∆H° = −89 23
456!"#

	olivine;              (Eq. 30) 

 

Mg0SiO8(OH7) + 3CO1 ↔ 3MgCO0 + 2SiO1 	+	2H1O	 ,∆H° = −64 23
456!"#

	serpentine;      (Eq. 31) 

 

CaO + CO1 → CaCO0 		,∆H° = 	−167
23

456!"#
;                 (Eq. 32) 

 

Ca	(OH)2	+	CO2	→	CaCO3	+	H2O	,∆H° = 	−65 23
456!"#

;                (Eq. 33) 

 

The use of pure CO2 is not vital for mineral carbonation as the presence of impurities such as 

NOx in flue gas will not restrict with the carbonation reaction [57]. Therefore, the separation and 

capture step that produces a pure stream of CO2 can be omitted as waste emissions containing CO2 

can be used directly [123].  
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 The main advantage of MC is the formation of stable carbonates capable of storing CO2 

for long periods of time [225], without the risk of CO2 leakage as in CCS [226]. However, this 

technology is not fully matured for large-scale applications as the energy penalization and costs are 

still too high [227].  

 In the case of silicate rocks, carbonation can be carried out either ex-situ in a chemical 

processing plant after mining and pretreating the silicates, or in-situ, by injecting CO2 in silicate-

rich geological formations or in alkaline aquifers [228]. In-situ carbonation is an operation similar 

to geological storage, while ex-situ carbonation involves processing steps requiring additional 

energy input that are difficult to compensate for with the energy released by the carbonation 

reaction [229]. Following the lab experiments conducted at UPC this chapter will focus on 

processes and practices that follow ex-situ mineral carbonation and direct carbonation routes [230]. 

 Mineral carbonation offers the opportunity to create products and generate applications 

that implements CCUS processes. Direct and indirect carbon mineralization of natural and 

industrial alkaline materials offer the opportunity to produce a range of tailored carbonation 

products and by-products as construction and building materials [231] [232]. Process adaptation or 

post-processing can be employed to further expand the range of products to include higher-value 

ones. Applications include structural materials (e.g., cements, concrete, and mortars), nonstructural 

materials (e.g., for road-base, erosion, sea, and flood protection barriers), and calcium- and 

magnesium-based carbonates that may be used for different applications (e.g., as additives for 

protective coatings such as paints and polymers) [233]. In construction applications carbonate 

solids can provide cementitious binding of the components of the building product, or structural 

support (as an aggregate or filler) [234]. Furthermore, the carbonation of alkaline industrial waste 

may also be applied to immobilize or extract heavy metals, stabilize chemically metastable mineral 

phases, or even store energy or provide carbon to microalgae [235].   

 Furthermore, waste materials such as steel slag, bauxite residue and air pollution control 

(APC) residues are good candidates for conversion into building materials using CO2. Companies 

in different parts of the world are scaling up businesses using these waste materials; together they 

consume around 75 kilo tonnes (kt) of CO2 annually. The British company Carbon8 uses around 5 

kt/yr. of CO2 to convert around 60 kt/yr. of APC residues into lightweight aggregates as a 

component of building materials [236]. 
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5.3. Fly Ash 
 

Fly ash is a by-product of coal combustion power plants [237]. Compared with natural 

minerals, it has numerous advantages as a feedstock for carbon dioxide mineral carbonation, 

including low materials cost, high reactivity, absence of pretreatment requirement, and ease of 

availability near CO2 emission sources [82]. Specifically, fly ash usually has alkaline oxides such 

as calcium oxide (CaO) and magnesium (MgO), which are the perfect feedstocks for CO2 

sequestration because of their high reactivity [238].  

 According to ACI 116R, fly ash is a pozzolanic material that is defined as siliceous or 

siliceous and aluminous material and possesses little or no cementitious value [239]. When it 

reacts with calcium hydroxide (lime) in the presence of water it forms a soluble compound that 

encompasses cementitious properties similar to cement. Pozzolanic activity of fly ash is an 

indication of the lime fly ash reaction. It is mostly related to the reaction between reactive silica of 

the fly ash and calcium hydroxide which produce calcium silicate hydrate (C-S-H) gel which has 

binding properties [240]. 

 The main objective of using fly ash in most of the cement concrete applications is to get 

durable concrete at reduced cost. Concrete is a heterogeneous mixture of cement, aggregate, and 

water which when mixed thoroughly form a rock like structure capable of withstanding heavy 

loads [225]. When cement gets reacted with water it tends to form a cementitious gel which is 

capable of binding different materials together.  

This process of reaction between cement and water is named as hydration7 [241] and it is an 

exothermic process i.e., heat gets evolved during this process, at the same time some quantity of 

calcium hydroxide is also formed which doesn’t have any impact on the strength point of view on 

concrete in that state (Fig. 45) [242]. 

 

 
7 The cement in concrete mix liberates free lime when it starts to hydrate with water. Fly ash in concrete mix 

produces cementitious paste by reacting with this free lime only. Fly ash in concrete mix can be active only after the 

availability of sufficient free lime, hence fly ash component of concrete starts reacting after a little while only. 
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Figure 5.4. The process of hydration [210] 
 

 

The process of hydration: 

 

Portland cement + H2O = (C-S-H) + Ca (OH) 2{free lime liberated} 

Fly ash + Ca (OH) 2 = (C-S-H) {additional cementitious paste} 

(C-S-H) -Calcium Silicate Hydrate 

 

 The process of hydration accounts for the use of Portland cement.  Portland cement (or 

Ordinary Portland cement- OPC) is the most common and inexpensive type of cement in general 

use around the world as a basic ingredient of concrete, mortar, stucco, and non-specialty grout 

[202]. According to ASTM C150, Portland cement is a hydraulic cement (cement that not only 

hardens by reacting with water but also forms a water-resistant product) produced by pulverizing 

clinkers which consist essentially of hydraulic calcium silicates, usually containing one or more of 

the forms of calcium sulfate as an inter-ground addition [243].  

 It is well known that the production of cement is a major source of greenhouse gas 

emissions, accounting for about 8 percent of all such releases [214]. The production of cement 

releases greenhouse gas emissions both directly and indirectly: the heating of limestone releases 

CO2 directly, while the burning of fossil fuels to heat the kiln indirectly results in CO2 emissions 

[218]. 

 The direct emissions of cement occur through a chemical process called calcination. 

Calcination occurs when limestone, which is made of calcium carbonate, is heated, breaking down 
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into calcium oxide and CO2. This process accounts for ~50 percent of all emissions from cement 

production [226].  

 Indirect emissions are produced by burning fossil fuels to heat the kiln. Kilns are usually 

heated by coal, natural gas, or oil, and the combustion of these fuels produces additional CO2 

emissions, just as they would in producing electricity [244]. This represents around 40 percent of 

cement emissions. Finally, the electricity used to power additional plant machinery, and the final 

transportation of cement, represents another source of indirect emissions and account for 5-10 

percent of the industry’s emissions [218].  

 The use of fly ash as partial replacement of clinker in cement or as direct addition to the 

concrete solves an environment problem for the setting and the power plant [245]. The fly ash as a 

substitute of the cement will also provide a profit by reducing CO2 emission in the cement 

production process, and an energy saving when fly ash replaces some of the energy- intensive 

produced cement [246]. Production of 1 ton cement generally produces 1 ton CO2 [203]. 

 Another benefit is the reduction of toxic metals and radon in fly ash deposed into ponds 

and landfills [247]. Fly ashes may contain very small amounts of toxic metals that are leachable 

[248]. Incorporation of fly ash in concrete solves this problem because hydration products of both 

Portland cement and blended Portland cement can form complexes that permanently tie up the 

toxic cations released by fly ash [6].  

 Historically, fly ash has been used in concrete at levels ranging from 15% to 25% by mass 

of the cementitious material component.; these levels can improve some of the durability and 

structural properties of concrete, especially long-term compressive strength and heat of hydration 

[249] [250]. The actual amount used varies widely depending on the application, the properties of 

the fly ash, specification limits, and the geographic location and climate. Higher levels (30% to 

50%) have been used in massive structures (for example, foundations and dams) to control 

temperature rise. In recent decades, research has demonstrated that high dosage levels (40% to 

60%) can be used in structural applications, producing concrete with good mechanical properties 

and durability [251]. 

 According to ASTM C618, the most widely used specification of fly ash in North 

America, divides fly ash into two classes based on its source of origin and composition. The two 

classes are: Type F (low-calcium £ 8% CaO) and Type C (high-calcium ³ 20% CaO) a.k.a. high-

calcium fly ash (HCFA) [252]. The two types of fly ash are based on its source of origin and 

composition (i.e., type of coal that is burned). However, the variation of the fly ashes is not only 

attributed to the source of origin, but it can also vary within the same plant [253].  
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 Nonetheless, the European specification BS EN 197-1 has another definition for Type F 

and Type C fly ashes called Type V and Type W respectively. The main difference between these 

classes is the amount of calcium, silica, alumina and iron. Tables 11 and 12 summarizes the 

differences. 

 

 
Table 5.1. Some definition of fly ash types according to EN 197-1 and ASTM C618 [254]  

 Low calcium fly ash High calcium fly ash 
Fly ash 

from 
Bituminous coal and anthracite Subbituminous and lignite 

Reaction 
characteristic 

Pozzolanic Pozzolanic and hydraulic 

Definition 
by EN 197-1 

Type V: Siliceous fly ash Type W: Calcareous fly ash 

£ 10% reactive CaO 
³ 25% reactive SiO2 < 5% LOI 

< 1% free lime 

³		  10% reactive CaO	
³    25% reactive SiO2 when 

CaO is 10-15% 
If CaO > 15% the compressive 

strength 	³ 10 
MPa at 28 days (NS-EN 196-1) 

< 5% LOI 
 Class F Class C 

Definition 
by ASTM C618 

SiO2 + Al2O3 + Fe2O3 ³70% 
Free moisture, max. 3.0% 

LOI, max 6.0% 
SO3, max 5.0% 

CaO, max: no limit 
Amount retained when wet sieved 

on 45 µm: Max. 34% 

SiO2 + Al2O3 + Fe2O3 ³50% 
Free moisture, max. 3.0% 

LOI, max 6.0% 
SO3, max 5.0% 

CaO, max: no limit 
(Note: CaO > 10%) 

Amount retained when wet sieved 
on 45 µm: Max. 34% 

 

 

 

Table 5.2. Typical values for fly ash Type F and Type C [255] 

 
Typical values 

(wt.%) 
Class 
F 

Class C 

SiO2 35-60   

CaO 1-35 
< 

15wt.-% 
>15 wt.-% (in Canada Class CI: 8-12% 

Class C> 20% 
Fe2O3 4-20   
Al2O3 10-30   

 

 

 Fly ashes consist mostly of silicon dioxide (SiO2), aluminum oxide (Al2O3) and iron oxide 

(Fe2O3) [256]. The pozzolanic properties of the fly ash are not governed so much by the chemistry 

but by the mineralogy and particle size of the ash [257]. Variations in the chemical composition of 
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fly ashes are, therefore, natural. These governing properties of the ashes are credited to the coal-

fired furnace which are controlled by the type of coal and the processing conditions of the furnace 

[253].  

 There are basically four types of coal, each vary in heating value, chemical composition, 

ash content, and geological origin [258]. Type F fly ash is normally produced from burning 

anthracite8 or bituminous9 coal whereas HCFA is produced from burning lignite10 or sub- 

bituminous11 coal [259]. Table 13 shows the chemical compositional of the three most common 

types of coal [259].  HCFA, for the most part, is preferred over Type F fly ash because of its higher 

content of calcium [240].  However, utilization of HCFA is limited in order to avoid delayed 

carbonation of excess lime and the subsequent appearance of microcracks due to the expansive 

nature of such carbonation reaction. This limitation leads to most of HCFA materials being 

currently collected in storage ponds [10]. With the present practice of HCFA disposal in ponds 

(generally in the form of slurry), the total land required for ash disposal is approximately 82,200 ha 

[239]. Consequently, disposal and management of HCFA is a major problem in coal-fired power 

plants. 

 

 

 

 

 
8 Anthracite is the highest rank of coal. It is a hard, brittle, and black lustrous coal, often referred to as hard coal, 

containing a high percentage of fixed carbon (86-97%) and a low percentage of impurities. processes a higher amount of 

heat per unit mass than the other types of coal. It does not ignite easily and does not produce smoke; therefore, it burns 

cleanly. 
9 Bituminous coal is a middle rank coal between subbituminous and anthracite. Bituminous coal is the most 

abundant type of coal. It is often called soft coal and it has slightly lower carbon content than anthracite (45-86%) and 

there is water, hydrogen, sulfur and few other impurities. It is soft and contains a substance called bitumen, which is like 

tar. Bituminous coal is produced from sub bituminous coal when it undergoes more organic metamorphism. 
10 Lignite is used almost exclusively for electric power generation lignite is a young type of coal. Lignite is 

brownish black, has a high moisture content (up to 45 %), and a high Sulphur content. Lignite is more like soil than a 

rock and tends to disintegrate when exposed to the weather. Lignite is also called brown coal. 
11 It does not have the same shiny luster as higher ranked coals. As the name suggests, it has lower carbon content 

than bituminous coal (35%-45%) and is primarily used for electricity generation 
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Table 5.3. Chemical composition for fly ashes produced by different coal types [259] 
Components 
(wt.%) 

Bituminous Sub-bituminous Lignite 

SiO2 20-60 40-60 15-45 

Al2O3 5-35 20-30 10-25 

Fe2O3 10-40 4-10 4-15 

CaO 1-12 5-30 15-40 

Mg 0-15 1-6 3-10 

SO3 0-4 0-2 0-10 

Na2O 0-4 0-2 0-6 

K2O 0-3 0-4 0-4 

LOI 0-15 0-3 0-5 

 

 Type F: produced by the burning of harder, older anthracite and bituminous coal with 

more than 70wt% of SiO2 + Al2O3 + Fe2O3. This fly ash is pozzolanic in nature and displays no 

significant hydraulic behavior. Possessing pozzolanic properties, the glassy silica and alumina of 

Type F fly ash requires a cementing agent, such as Portland cement, quicklime, or hydrated lime, 

with the presence of water in order to react and produce cementitious compounds [260].  

 Type C (HCFA):  High Calcium Fly Ash, is rich in calcium oxide (10-50%), produced 

from the burning of younger lignite or sub-bituminous coal, with contents of SiO2 + Al2O3 + Fe2O3 

between 50 and 70%, with varying amounts of carbon as measured by the loss of ignition (LOI) 

[245]. Lignite and sub-bituminous coal fly ash is characterized by higher concentrations of calcium 

and magnesium oxide and reduced percentages of silica and iron oxide, as well as lower carbon 

content, compared with bituminous coal fly ash. Very little anthracite coal is burned in utility 

boilers, so there are only small amounts of anthracite coal fly ash [259]. 

 In addition to having pozzolanic properties, also has some self-cementing properties. In the 

presence of water, Type C fly ash will harden and gain strength over time. Unlike Type F, self-

cementing Type C fly ash does not require an activator. Alkali and sulfate (SO4) contents are 

generally higher in Type C fly ashes. Type C will generate more heat of hydration than Type F. 

Type C ash will generate more strength at early ages than Type F [260].  

 Fly ash is widely employed as a superior substitute for Portland cement in the construction 

industry, primarily because of its pozzolanic and cementitious properties [253]. Fly ash typically 

replaces around 20% to 30% of the total Portland cement used in construction activities [214]. 

When added to concrete, the properties of HCFA improve by: (i) high strength, (ii) higher 
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durability (iii) relative lower drying shrinkage, (iv) reduced heat of hydration, (v) reduced sulphate 

attack and reduced efflorescence, (vi) decreased permeability, (vii) higher setting time.  

Furthermore, the workability improves by: (i) light weight concrete, (ii) improved, (iii) reduced 

segregation and bug holes, (vi) reduced bleeding, (vii) less sand needed in the mix to produce 

required workability [255].  

 

5.4. Fly Ash Utilization 
 

There are many applications for the use of fly ash, this means that the characteristics of fly 

ash need to be diverse and fit the required chemical process in order to obtain the final carbon-base 

product. Some of these applications are: cement and concrete (utilizes around 45% of the global 

fly ash market share), fills & embankments, waste stabilization, mining, oilfield services, and road 

stabilization Figure 5.5 and Figure 5.6.  Furthermore, the most utilized applications are [259]: 

1) Structural fill applications rest primarily on the ability of the material to be compacted to a 

reasonably strong layer of low unit weight. This is primarily a function of particle size distribution, 

and to some extent of the content of spherical particles. The chemical characteristics of fly ash are 

secondary, although the post compaction cementation provided by some high-calcium fly ash is 

likely to prove beneficial.  

2) Highway applications require that chemical considerations come into play, however, this is 

not the most important requirement. Stabilization of some base courses (and stabilized sub grades) 

may rest on lime fly ash chemical reactions, i.e., the classical ‘‘pozzolanic’’ reaction, with lime. 

Nevertheless, the most important chemical requirement for highway applications is that fly ash 

contains sufficient so that it can react with the lime. Some road base applications of fly ash depend 

on the physical effects of fly ash incorporation rather than its reaction with lime.  

3) Fly ash used as raw material for cement and concrete applications post the greatest demand. 

The required characteristic is uniformity and chemical consistency of the raw material (i.e., need for 

consistency regardless of the days the fly ash is collected).   
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Figure 5.5. Various possible utilization of fly ash  [261] 
 

 

 

 

 

Figure 5.6. Global Fly Ash Market Share, by Application, 2019  [262] 
 

 

 Fly ash typically replaces around 20% to 30% of the total Portland cement used in 

construction activities [263]. The need for infrastructure has been increasing at significant pace due 

to the rapid growth in global population, especially in developing countries such as China and 

India. This has led to an increase in construction activities throughout the globe.  
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 Fly ash is extensively used in the construction industry as an environmentally sustainable 

substitute for Portland cement. However, lack of global awareness about the benefits of using fly 

ash as construction material is hindering the fly ash market. Furthermore, the sector is controlled 

by a few of major producers, which are careful about pioneering new products that contest their 

current business models. In the lack of a strong carbon-pricing indication, there is minimum short-

term economic incentive to make changes [264]. Unconventional materials are often not readily 

available at the scale required. Meanwhile, architects, engineers, contractors and clients are 

justifiably cautious about innovative building materials. Implementing novel practices also 

indicates a critical role for millions of workers involved in using concrete across all spectrums of 

the market [265]. 

 

Coal power plants and CO2 emissions in US, EU, and China 
 

 The number of plants newly under construction each year is falling even faster, down 66% 

in 2019 compared to 2015, according to the latest annual status report from Global Energy Monitor 

[266]. Meanwhile, coal retirements are at historically unprecedented levels, with the 34GW of 

closures in 2019 a close third behind 2015 (37GW) and 2018 (35GW) [263]. 

 Some 80 countries use coal to generate electricity, up from 66 in 2000. Since then, 15 

countries have added coal capacity for the first time and one country; Belgium has phased it out 

[267]. Another 19 countries, responsible for 5% of current capacity, have pledged to phase out coal 

as part of the “Powering Past Coal Alliance” [268], led by the UK and Canada. This now officially 

includes Germany, home to the world’s fifth-largest coal fleet and some 2% of the global total 

[269]. 

 Since 2000, the most dramatic changes have taken place in China. Its coal fleet grew five-

fold between 2000 and 2019 to reach 1,005GW, nearly half the global total [270]. China is the 

world’s largest CO2 emitter and uses half the coal consumed each year, so its future path is 

disproportionately important for global efforts to tackle climate change [271]. 

 A wave of retired power plants has cut US coal capacity by 105GW since 2010 and 

another 71GW is already planning to close, according to Global Energy Monitor. This would 

shrink the US fleet by half, from 327GW in 2000 to 175GW in 2024 [272]. 

 Global CO2 emissions declined by 5.8% in 2020, or almost 2 Gt CO2 – the largest ever 

decline and almost five times greater than the 2009 decline that followed the global financial crisis 

[273]. Despite the decline in 2020, global energy-related CO2 emissions remained at 31.5 Gt, 

which contributed to CO2 reaching its highest ever average annual concentration in the atmosphere 
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of 412.5 parts per million in 2020 [274] – around 50% higher than when the industrial revolution 

began [275]. 

 Global coal use is expected to rebound in 2021 and drive an increase in global CO2 

emissions of around 640 Mt CO2. This would push emissions from coal to 14.8 Gt CO2: 0.4% 

above 2019 levels and only 350 Mt CO2 short of the global high in coal-related CO2 emissions of 

2014 [273]. The power sector accounted for less than 50% of the drop in coal-related emissions in 

2020, but it accounts for 80% of the rebound, largely due to rapidly increasing coal-fired 

generation in Asia [271].  

 China’s emissions are likely to increase by around 500 Mt CO2. With energy demand and 

emissions already growing in 2020, in 2021 CO2 emissions in China should be 6%, or almost 600 

Mt CO2, above 2019 levels [273]. All fossil fuels should contribute to higher CO2 emissions in 

China in 2021, but coal is expected to dominate, contributing 70% to the increase, predominantly 

due to greater coal use in the power sector. Despite China’s rapid growth in generation from 

renewables, output from coal-fired power plants has increased by 330 TWh, or nearly 7%, between 

2019 and 2021 [276]. 

 In the United States, CO2 emissions in 2021 are expected to rebound by more than 200 Mt 

CO2 to 4.46 Gt CO2 yr. remain 5.6% below 2019 levels and 21% below 2005 levels. CO2 

emissions from coal are expected to be almost 12% below 2019 as coal use for electricity 

generation is likely to recover only 40% of the ground lost to renewables and natural gas in 2020 

(Fig. 5.7). Oil use, the biggest contributor to CO2 emissions in the United States, should remain 

almost 6% below 2019 levels as transport activity remains curtailed across 2021 [277].  
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Figure 5.7. Total net summer capacity of retired and retiring coal units U.S. (2010-2025) [272] 
 

 

 CO2 emissions are likely to rebound less in the European Union, as the economic outlook 

is dimmer than in other parts of the world. The expected increase of 80 Mt CO2 in 2021 will 

reverse only one-third of 2020’s drop [278]. EU emissions in 2021 should stand at 2.4 Gt. Most of 

the 90 Mt CO2 drop in power sector emissions in 2020 will endure through 2021, with a slight 

anticipated increase in coal and gas-fired generation in 2021 reversing only 10% of the 2020 drop. 

The share of coal in electricity generation in the European Union has declined almost three-

percentage points from 2019 to 2021, to less than 14% [273]. 

CO2 emissions from advanced economies have fallen by 1.8 Gt CO2 since 2000, and their 

share in global emissions has declined by twenty percentage points to less than one-third of the 

global total [264]. 

 Poland, the Czech Republic, Romania and Bulgaria continue to depend heavily on lignite 

power. Plans for a phase-out are crucial if the European Union is aiming to abide with the Paris 

Agreement. Such plans are necessary not only to create a coal-free EU but also because lignite 

power plants have swung from being an asset to a liability as lower electricity price and higher 

carbon prices have crushed their economies [279].  

Nevertheless, Poland has moved closer to ending reliance on coal after the government, the 

country’s largest mining firm and unions agreed to phase out all coal mines by 2049. It was the 

first time Poland has put a timeline on ending coal and puts the country in line to meet EU’s 

climate target of net-zero carbon emissions by 2050, which had previously been rejected by 

Warsaw as unrealistic.   

 A big motivator was the “Law and Justice (PiS)-led government” was forced to shift its 

position due to the rising costs of emissions permits required within the EU’s cap-and-trade system 
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and the effects of the Covid-19 pandemic, which has reduced demand for electricity and 

exacerbated a long-term structural decline in prices [280]. 

 The country generates about 75% of its electricity from coal — second only to Germany in 

Europe and making Poland the ninth-largest coal producer in the world. The new plan 

foresees renewable energy sources accounting for at least 32% of electricity by 2030 [279].  

 

CCP production and utilization in the US and EU 
Coal combustion products (CCPs) include combustion residues such as boiler slag, bottom 

ash and fly ash from different types of boilers as well as desulphurization products like spray dry 

absorption product and FGD gypsum [281]. CCPs are mostly used in the building material 

industry, road and underground coal mine construction, recultivation and restoration purposes in 

open cast mining. In most cases CCPs are used as a replacement for natural materials; 

consequently, contributing to the sustainable development of environmental activities by avoiding 

the need to quarry natural resources.  Furthermore, CCPs helps reduce energy demand as well as 

CO2 emissions generated by the manufacturing process of the products which are replaced, and 

they lead to energy savings when used in mixtures with wet raw materials.  

 The CCP production worldwide is estimated to be around 700 million tones (MT), with fly 

ash constituting about 75–80% of the total ash produced; approximately, 80% Type F and 20% 

Type C [282]. In Europe, over 40 MT of CCP is produced [283] and approximately 27 MT is of fly 

ash utilized [284]; however, a significant amount of ash is still expected to be disposed of in 

landfills [285]. A large fraction of the coal ash in the world, about 70% of the total production, is 

typically disposed of as a waste in utility disposal sites [286].  

In the United States, around 79 MT of CCP is produced by coal-burning power plants and 41 

MT is utilized [4]. According to the American Coal Ash Association (ACAA), fly ash use in 

concrete increased slightly as overall coal ash recycling rate decline in 2019 [287]. 

 Fifty-two percent of the coal ash produced during 2019 was recycled –marking the fifth 

consecutive year that more than half of the coal ash produced in the United States was beneficially 

used rather than disposed. The volume of fly ash used in concrete increased 1 percent over the 

previous year, but most other uses saw significant declines, leading to an overall decrease in 

recycling activity of 31 percent [203]. Forty-one million tons of coal combustion products were 

beneficially used in 2019 out of 78.6 million tons that were produced. The rate of ash utilization 

decreased from 58.1percent to 52.1 percent and the total volume of material utilized decreased by 

18.4 million tons compared to the previous year. Coal ash production volume decreased 23 percent 
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(or 23.6million tons) from 2018 levels [288]. Some examples as it relates to the utilization of fly 

ash in the cement production and pond closure activities are [203]: 

 

Regulatory framework in US and EU and fly ash management 
 The engineering codes, standards, and regulations have distinct characteristics based on 

various characteristics. Engineering codes are enforced by one or more governmental entities and 

are critical to developing industrial practices. Engineering standards ensure that organizations and 

companies adhere to accepted professional practices, including construction techniques, 

maintenance of equipment, personal safety, and documentations. Engineering regulations and 

government-defined practices ensure the protection of the public as well as uphold certain ethical 

standards for professional engineers. These codes, standards, and regulations also address 

issues regarding licensure, academic qualifications, and how incidents of misconduct 

should be handled. 
 

 Fly ash management 

 Managing large quantities of fly ash is a concern for every developed nation in the world, 

the unease intensified by the extensive range of chemical and physical properties that fly ash 

exhibits.  Operators of coal-fired power plants must manage costs, revenues, and risk to be 

prosperous. Successfully managing fly ash has become a progressively important piece of total 

success for power plants.  In the fly ash/cement/concrete/construction business environment, 

power plants must carefully control expenses, capital commitments and risks and smart 

management of coal combustion products provides a significant opportunity in several important 

ways: [289] 

• Cost reduction and cost management for landfill: managing fly ash results in landfill cost 

avoidance by reducing current ash disposal expenses and by delaying or avoiding the 

significant costs of future landfill or pond development. 

• Evading or Reducing Future Liability: recycling fly ash means reducing the chances that, 

in the future, environmental regulators will take actions aimed at a fly ash disposal site. 

• An Environmentally Friendly Solution: beneficiation and utilization of fly ash is a “green” 

solution that turns expenses into revenue and demonstrates a utility’s commitment to the 

environment and the communities in which they do business 

 For fly ash to gain acceptance by potential users, it must not only be available 

economically, but at a uniform quality as well.  The physical properties and chemical composition 

of fly ash produced by each coal-burning power plant is dependent upon the characteristics of the 
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coal that is used as fuel, the type of equipment employed, and the way it is operated and 

maintained.  Since these characteristics vary from plant to plant, from country to countries, and 

from local communities- it is not unexpected that fly ash properties vary from source to source.  In 

addition, fly ash collected at any one source will change as the demand on the power plant varies 

from base to peak loading conditions and as conditions within the producing plant change. These 

considerations, as well as the fact that coal-burning electric utilizes are primarily concerned with 

the production and sale of electric power, contribute to the difficult in producing a fly ash of 

uniform quality.  Added to this is the further obstacle that each product with fly ash utilization 

potential has individual quality requirements [290].  

 Cement with fly ash additive must be marketed as a separate product, and as such, separate 

handling, storage, stocking, etc., are involved [291].  Also, the blending of the two materials 

requires special techniques to ensure uniformity of the cement.  The economics of handling and 

transportation do not allow for the mass utilization of fly ash in this manner without the combined 

cooperation of power plants and Portland cement producers [290].  

 

 Fly ash regulatory framework in the US and EU 

 As the use of CCPs is either standard or project related the national regulations for the use 

in different applications must be considered. Basically, all standards deal with fly ash or pulverized 

fuel ash from coal (Europe, Australia/New Zealand and Japan), specifically anthracite, bituminous, 

subbituminous and lignite (USA, India and China) or also blended coal mixtures (Russia) [292]. 

These standards contain chemical and physical properties of the ash. It must be noted that the 

standards are used in combination with application standards and other regulations, including 

environmental requirements [293].  

 Only the European Standards cover co-combustion of defined materials in specific 

amounts to ensure ashes characteristics are within a defined range. In addition, processing is 

covered for ashes which basically follow EN 450-1 standard except for fineness and LOI. Ashes 

can be processed in suitable production facilities through classification, selection, sieving, drying, 

blending, grinding or carbon reduction, or by a combination of these processes [294]. Such 

processed fly ash may consist of fly ashes from different sources, each conforming to the basic 

definitions required to meet the criteria of the standard. South Africa uses the EN standard in full 

and Israel has implemented it with minor deviation by exclusion of co-combustion and quality 

control systems Table 14 [2].  
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Table 5.4. Typical Properties of International Standards [295][294][2] 
 Europe USA 
 EN 450-1 ASTM C618 

Type of 
Coal 

Coal Anthracite, bituminous, 
subbituminous, lignite 

 

(i) co-combustion materials.                             
(ii) max 40 or 50% by mass.in case of green 
wood.                                                               
(iii) ash amount from CCM max 30% by mass 

 

 Covers processing (of FA from FA from 
fresh production) 

 

Definition 

Fine powder of mainly spherical, glassy 
particles, derived from burning of pulverized 
coal, without co-combustion materials, which 
has pozzolanic properties and consists 
essentially of SiO2 and Al2O3 

Class F typically 
produced by anthracite and 
bituminous class C typically 
produced by subbituminous 
and lignite 

Exclusions Municipal and industrial waste incineration 
ashes do not conform to the definition 

 

Comments 

Also used in Israel (SI 1209), deviating for 
fuel and conformity control 

Information in note to 
definition class C: class C 
typically has higher CaO 
content than F 

 

 The definitions all address the collection of fly ash from the flue gas by electrostatic 

precipitators or other collection methods. They address siliceous and/or calcareous ash (Europe, 

Japan, India, Russia) or Class F and Class C depending on the coal burned in the USA and China. 

Characterization of calcareous (class C) fly ash from siliceous (class F) requires that the amount of 

reactive calcium oxide in the Class C ash is greater than 10% [295][2][294].  

 In Europe, the cement standard EN 197-1 defines two types for calcareous fly ash: a W1 

class with reactive lime content of 10 to 15 % and reactivity test as for siliceous type ash; and a 

W2 class with more than 15 % of reactive lime considered as a binder with own compressive 

strength requirement [294] [264]. In addition, there are rules for consideration higher Sulphur 

contents. The chemical and physical requirements of the standards are compiled in Table 15 based 

on their reactive evaluation for siliceous (Type F) or calcareous (Type C). 
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Table 5.5. Scope and definitions of EU and USA used standards for fly ash in concrete and cement [245][294] 

PROPERTIES OF FLY ASH ASTM C618 
EN 

450 

Chemical Properties Class F 
Class 
C 

 

SiO2 + Al2O3 + Fe2O3 (min. %) 70 50 70 
Sulfur trioxide (SO3) (max. %) 5 5 3 

Moisture content (max. %) 3 3 - 
LOI (max.%) 6 6 - 

Silicon dioxide SiO2 (max. %) - - 25 
Relative silica by mass (max. %) - - - 
Magnesium oxide MgO (max. %) - - - 

Alkalies Na2O (max. %) - - - 
Chlorides Cl (max. %) - - 0.1 

Total/reactive CaO (max. %) - - 10 
Physical Properties    

Fineness:    

Amount retained when wet-sieved 45µm 
(No.325) sieve, (max.%) 

34 34 40 

Specific surface (m2/Kg) (min.) (Blaine’s 
Permeability method) 

- - - 

Strength activity index:    
With Portland cement, at 7 days (min. % 

of Control) 
75 75 - 

With Portland cement, at 28 days (min. % 
of Control) 

75 75 75 

Lime Reactivity (Avg. Compressive 
Strength Mpa) (min.) 

- - - 

Water requirement (max. % of control) 105 105 - 
Specific Gravity - - - 

Soundness:    
Autoclave expansion or contraction (max. 

%) 
0.8 0.8 - 

Uniformity requirements:    
Density (max variation from avg. %) 5 5 - 

Percent retained on 45µm (No.325) (max, 
variation % from Avg.) 

5 5 - 
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 Another difference between ASTM C618 and EN 450-1 that is worth mentioning relates to 

the disposal of fly ashes in landfills.  In the United States, bottom and fly ashes from coal power 

plants are typically mixed before the disposal into landfills to meet the U.S. Environmental 

Protection Agency (EPA) requirements. Conversely, in many European countries, the fly ash is not 

mixed with bottom ash but rather handled as a special waste. In this instance, the bottom ash is 

often recycled and used as a material in pavement and other similar products [296]. To simplify the 

efficient use and disposal of fly ash, regional authorities around the world have developed a variety 

of classification strategies.  Most fly ash end-users are only interested with the local specifications.  

The selection of fly ash is generally predicted upon the expense of transporting the ash that meets 

the minimum criteria for the project, a practice that is not likely to change in the immediate future 

[297].     

 ASTM C618, ASTM 311, and AASHTO M 295 specifications for fly ash represent the 

primary documents used by U.S. state and federal agencies to determine the suitability of a fly ash 

source for use in concrete. Other countries have broadly similar specifications for fly ash. As 

recent as the first quarter of 2021, the ACI (American Concrete Institute), published a document 

[295] where it compares specifications from the United States, Canada, Europe, Australia, and 

New Zealand, noting similarities and differences. Despite its common use, several criticisms of the 

ASTM C618 specification exist and are discussed in the document. Specifically, concerns exist 

regarding its dependence on strength activity index testing for determination of fly ash reactivity 

and strength generation potential, and loss on ignition for quantification of unburnt carbon content, 

as these tests relate somewhat poorly to performance of the fly ash in concrete. Recently developed 

test methods that could improve some of the most problematic components of the ASTM C618 

specification are discussed [295]. 

 In the U.S., an assessment of the impact of existing specifications on the extent of fly ash 

utilization involves some vague parameters, and credible and meaningful information is not always 

available.  User attitude is a consideration.  There have been occasions where if sufficiently 

motivated, a user can circumvent a provision in a specification, either by allowing an exception, or 

sometimes by writing their own specification, or by altering a specification.  This suggests a basic 

inadequacy in the current specifications. On the other hand, European standards and testing 

requirements are more restrictive than similar standards in the US; all applications are not needing 

standardized concrete, and the potential utility of the studied fly ash materials could be improved 

by mechanical treatments. Furthermore, implementing these standards in Europe tend to be more 

successful than in the U.S.; mainly because they are more detailed and better monitored than the 

standards in the U.S.   
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 High calcium fly ash regulatory framework in the US and EU 

 

 High Calcium Fly Ashes are reactive materials that often do not meet the limits of 

some countries national and local standards. Therefore, most of the lignite coal produced 

around the world have not been fully exploited. As previously mentioned, the classification of 

fly ashes is deeply correlated with the type of coal that is burnt, many efforts are being taken 

to develop a “standardize” specification that can be used in many global applications. 

However, because of dissolute experiences when utilizing HCFA in certain applications, 

efforts of standardization has been delayed [298]. 

 The resources of high calcium fly ash are large, however, this type of ash is usually 

described by low silica content, a high content of free lime and an increased content of sulfur 

compounds [299]. It could be used in concrete following the requirements of ASTM C618, 

Class C, but in Europe, it does not meet the requirements defined in standard EN450-1 [300]. 

At the moment, HCFA is not in common use in European countries despite positive examples 

of its suitability provided by Greek and Turkish researchers [209].  

 When HCFA is used as a complementary cementitious material it can augment some 

of the physical, behavioral, and structural properties of the concrete (e.g., compressive 

strength, workability, etc.) [217].   However, the possibility of using HCFA as concrete 

additive is not well established, especially in relation to the durability of concrete structures in 

aggressive environment [301]. Due to the high content of lime, HCFA cannot be used to a big 

extent for building purposes and is currently collected in storage ponds [302].  

 In 2019 the United States mined and burnt 53 MT of lignite coal, or 8% of the total 

coal production of the country. Additionally, 44% of coal was subbituminous; 48% was 

bituminous, and <1% was Anthracite [303]. Consequently, the type of fly ash generated was 

mostly Type F. However, Type C is also widely available given that 44% of the fly ash 

produced is generated by the combustion of subbituminous coal. Currently in the U.S., more 

than 50% of the concrete placed contains fly ash. Furthermore, the most utilized type of fly 

ash for admixture is Type F. 

 According to ECOBA [284], the amount of HCFA produced in Europe is more than 

50% of the total fly ash generated by burning hard coal and lignite [284]. In the EU lignite 

coal is the most predominate type of coal used at coal power plants, especially in countries 

such as Poland where almost all the coal burnt is lignite; consequently, the type of fly ash 

generated is mostly Type C. Nevertheless, the lack of standards for its utilization has negative 

impact for the economy and the environment [304]. 
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 The most widely known standards in the U.S., for the use of FA and HCFA as a 

supplement of cement to produce concrete is ASTM C618 [245]. Unfortunately, this specification 

does not clearly address the use of HCFA in cement/concrete applications.  In recent years, 

regulatory entities have been revising construction codes, standard, and specifications with the 

goal of improving the clarity of the requirements and making them more detailed in order to avoid 

many loopholes that are present in the current standards.  

 The USA standard references that the amount of lime of Class C is typically higher. 

Though recently being published the standard is again under revision where the lime content in the 

ASTM standard will be defined to 18 % [295] [295]. With this it is questioned whether the 

lime levels and related experiences can be associated as the lime content in class F may have 

been more than 10 % and only the reference to the used coal may be valid for this.  

 As part of the ASTM revisions, one of the main subjects is addressing changes to ASTM C 

618 to classify fly ash by calcium oxide content rather than the sum of the oxides. Going forward, 

fly ash with a calcium oxide content of 18% or less will be classified as Class F and above 18% as 

Class C. The American Association of State Highway and Transportation Officials (AASHTO) 

approved this change in their M 295 specification [305].  

 

Below are some additional C 618 specification developments underway at ASTM:  

• a new Class B on the use of milled bottom ash in concrete 

• blending of in-spec and out-of-spec fly ash 

• blending of Class C and Class F fly ash 

• blending of fly ash, natural pozzolans, and other materials to create a new SCM 

 In Europe there is the EN450-1 for the use of siliceous fly ashes in concrete. However, 

when assessing specifications for HCFA(s), there is no general existing regulation level for the 

utilization of this waste in concrete [306], but their use in blended type cements is covered by 

EN197 Standards [307]. The other Standards that refer or allow the use of HCFA(s) are the 

EN13282 about Hydraulic Road binders and EN14227 about hydraulic bound mixtures [308], 

[309]. 

 

 Mineral carbonation of high calcium fly ash  

 A possibility to valorize such waste materials is to reduce their total lime content through 

mineral carbonation techniques. Recent experiments on accelerated carbonation of HCFA under 

dry and moist conditions, at various temperatures, pressures and compositions, show that the 

mineral carbonation of a variety of HCFA (with up to 35 wt.% bulk CaO) can reach very high 
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efficiencies under industrial flue gas conditions [7]. Another study performed by UCLA show that 

HCFA that reacts with CO2 in moist environments, at ambient pressure, and sub-boiling 

temperatures, produce robustly cemented solids whose properties are enough for use in structural 

construction [16].  

 

5.5. Conclusion 

 The billions of tons of CCU potential in building materials such as cement and aggregate, 

represent low-margin, highly standardized markets that are tough to penetrate with new products.  

Successful businesses have concentrated on making incremental changes to conventional concrete 

formulation to minimize the acceptance challenges, or on niche markets. Significant penetration 

into the billion-ton global cement market will be very slow by this method. On the other hand, use 

of carbonate as aggregate does not face such significant hurdles to market entry, but does face 

significant cost pressures.  

 The billions of tons of potential market and carbon mitigation also appear to require 

significant technology development to be accessible. With the EU, United States, and China all 

showing signs of such valuation, this market will probably expand at a rapid pace. This effort is 

mainly focused on more efficient clinker production and using less clinker. Efforts such as this will 

have a significant impact on overall emissions, and as efficiency limits are reached, these 

corporations may be expected to take on new carbonation approaches to continue their reductions.  

 CO2 utilization can be pursued to create products using new methods, materials or 

feedstocks. In many instances, the products will need to adhere to existing standards to be accepted 

in the marketplace. Often, there can be barriers within the codes and standards framework that 

discourage products made using new technologies. Codes and standards are typically overseen by 

members of government and industry and developed by consensus-based and voluntary 

committees. Often, there are few incentives to update or expand existing standards. Further, even if 

the willingness exists, the changes to the regulatory framework can occur slowly. A process 

extending to 10 years is not unusual. The route to acceptance under codes and standards can be 

long enough to discourage the entrance of new technology into the market. 

Cement and concrete alternatives and carbon footprint reductions are already being pursued to 

achieve “green” product distinctions. A critical need in this area is life cycle assessment that 

accurately includes the efficiency and carbon-utilization benefits as small proportions of CO2 are 

added to products. This can have a multiplicative effect through the reduction of other raw 

materials.  
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 The second, and perhaps dominant, need in this area is for demonstration projects that 

create large volumes of these alternative materials to aid in the regulatory evaluation and 

acceptance for materials that have critical construction requirements. Some early-market 

penetration can be expected in shop- built materials that can be tested by standard ASTM methods 

today—this is an early-adoption pathway that is proving successful and can be expanded. Industry 

and government influencers should act to foster a regulatory environment that promotes a 

measured and fair process to ensure that products meet both quality and safety requirements yet 

innovative technologies can enter and compete in the marketplace without undue resistance.  

Methods to evaluate the benefits and performance of site-poured cements and concretes do 

not appear to exist and should be encouraged.  

The overall lifecycle for concrete as it ages in use is not well understood, particularly when it 

is removed and reused as aggregate in new concrete, as is commonly the case. This may be an 

excellent opportunity to encourage more cement carbonation and should be researched.  
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6. MARKET, COSTS, AND POLICIES ON CCUS IN US AND EU 
 

 

Research Question: 
 How to accelerate the commercialization of carbon capture utilization pathways: CO2-

based fuels, concrete building materials, and bioenergy with carbon capture? What are the main 

opportunities and barriers to commercialize? 

 

Brief Answer: 
There are numerous challenges to accelerate the deployment and commercialization of 

CCU/CCUS technologies. Matters concerning cost, technology advancement, and energy usage, 

are the main impediments limiting the commercial growth of these technologies. Although market 

penetration can be facilitated by cost-competitiveness, there is no certainty that the cheapest CO2 

utilization pathways will scale up. Geographical, financing, political and societal considerations 

are other major elements that influence the development and advancement of new technologies.   

CCUS technologies have evolved quickly over the last five years through testing in multiple 

R&D pilot projects around the world and through experience gained during deployment of large-

scale projects. Each CCU technology is at a different stage of development and faces different 

barriers to reach full commercialization. However, some of the selected technologies share 

common characteristics and face similar challenges.  

The opportunity lies strongly in the economic rationale for producing these products which in 

principle should be lower cost and lower carbon than their fossil derived counterparts. The barriers 

are primarily around scaling up and proving the technology.  

 

Novelty: 
  Cultural differences between nations can help explain the distinctive outlooks towards 

developing national renewable energy policies. The EU and US are frequently compared because 

of their importance in international environmental and climate policies, even though one is a supra-

national body consisting of countries linked to each other through a series of treaties, and the other 

is a single country. It can be debated, that US and EU approaches to international environmental 

law are best explained not by factors rooted in domestic or international legal institutions, nor by 

forces of international politics, but are instead best explained by domestic politics. But the concept 

of cultural difference can go above the concept of disparity and fringe into the national ideology of 

liberalism. This point of view may deliver a positive outlook to the American approach.  
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US’ current renewable energy policy is not to have a single national policy, but to sanction 

states and private companies to experiment with different methods and tactics and ultimately let 

the market decide what works best in the light of experience. There are some conjectural 

justifications for the conservative position that the best national renewable energy policy may be 

not to have a sole national institution crafting all the decisions, but to have a diversity of policies at 

the state level and amongst private investors who are playing different strategies. One can argue 

that this approach could be tailored version of the “max-min” strategy in game theory.  

 

6.1. Overview 
 

 This chapter investigates market conditions through a compilation of literature review. The 

literature focused on the main determinants enabling the introduction of innovative CCU 

technologies and carbon-base products and a systematic framework has been proposed upon which 

discussing the various results. Specifically, various key factors necessary for the 

commercialization of new renewable technologies and methods on how to accelerate the 

deployment of innovative green energy solutions to aid in the mitigation of GHG emissions. For 

example, economies of scale, barriers and risks, and circular economy.  Furthermore, this work 

conducts an analysis and comparison of US and EU mechanism on national renewable energy 

policy. It evaluates financial policies and political and cultural influences that influence the 

adoption of renewable technologies. 
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6.2. Introduction to the US and EU Mechanisms of Renewable Energy 
Policies 

 

 In less than a decade we have seen unparallel geopolitical transformations that have 

notably caused uncertainties to international energy policies. Recent incidents such as the US 

officially rejoining the Paris Agreement this year (2021); Brexit; (2020), a once in a century 

pandemic, Covid-19; and increasing numbers of unprecedented and destructive weather and 

climate trends occurring worldwide- have driven policy makers, business executives, religious 

leaders, and the public alike to rethink the way we look at climate change.  

 Many countries are realizing the need to accelerate the deployment of innovative green 

energy solutions to help with the climate’s stabilization. However, transitional renewable energy 

technologies, such as CCUS, will vary significantly across countries and regions.  

 This chapter evaluates and compares US and EU mechanisms of renewable energy policies 

that will be crucial to facilitate deployment of CCUS technologies. US and the European countries 

are currently some of the largest contributors of innovative technologies, existing energy assets, 

and some large-scale CCUS facilities.  

 

United States 
 

Energy regulation in the US is complex, far-reaching, and imposed by several federal and 

state governmental entities. Furthermore, it is repeatedly changing in response to global, national, 

and regional occurrences, supply/demand balance, market changes, political dynamics and main 

concern, and technological developments [310].  

Renewable energy policy in the US, including the renewable portfolio standards (RPS) have 

been embraced at the state level. These are state laws that compel local utilities to supply a certain 

amount of the electric power that they supply from renewable sources.  What amounts as a 

renewable source differs from state to state, as do the target percentages. States have a long history 

of serving as proving grounds for policies that support clean energy, energy efficiency, and 

pollution reduction [311]. Now, most states have targets or goals for renewable energy (38 states) 

and energy efficiency (28 states). This is partly due to the broad authority the Constitution grants 

states to regulate their energy sources and emissions [312]. States are also transforming in their 

regulatory policies to encourage clean energy technologies beyond setting general targets for 

renewable or carbon-free electricity.  
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California is US’ most ambitious state when it comes to the development and implementation 

of renewable energy technologies. California’s Renewables Portfolio Standard (RPS) has 

positioned the state as a global leader in renewable energy and helped attract billions of investment 

dollars to industries that have directly or indirectly supported the development of new generation 

sources [313]. This clean, safe, and homegrown electricity has helped California diminish harmful 

air pollution and global warming emissions. And unlike fossil fuels, which are finite sources of 

energy with historically unstable prices, renewable fuels such as wind and solar energy provide 

free and unlimited sources of electricity. In short, California’s investment in renewable energy is 

generating a more diverse and robust electricity supply compared to the other states in the Nation 

[314].  

 

US financial policies and commercial acceleration 
 

By incorporating climate change costs into economic decision-making, specific policies 

designed to provide finance to investors can help encourage changes in production and 

consumption patterns, thereby underpinning low-carbon growth. Furthermore, by giving all 

emitters the same incentive to reduce their emissions, a pricing mechanism can cost-effectively 

reduce emissions [315]. 

There is a growing consensus among both governments and businesses on the fundamental 

role of carbon pricing in the transition to a decarbonized economy [315]. For governments, carbon 

pricing is one of the instruments of the climate policy package needed to reduce emissions. In most 

cases, it is also a source of revenue, which is particularly important in an economic environment of 

budgetary constraints. Businesses use internal carbon pricing to evaluate the impact of mandatory 

carbon prices on their operations and as a tool to identify potential climate risks and revenue 

opportunities. Finally, long-term investors use carbon pricing to analyze the potential impact of 

climate change policies on their investment portfolios, allowing them to reassess investment 

strategies and reallocate capital toward low-carbon or climate-resilient activities [316]. 

US tax credits allow companies to overcome two of the main obstacles to investment in 

CCUS technologies: defraying high upfront costs and monetizing CO2 use and storage [312].   

 

1. 45Q is a performance-based tax credit incentivizing carbon capture and sequestration or 

utilization. Much like with the production tax credit (PTC) for wind, under 45Q, qualifying 

power generation and industrial facilities can “generate” a tax liability offset per captured 

tonne of carbon dioxide. The amount of the credit per tonne varies based on if the facility 
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sequesters the carbon in permanent geological storage or captures the carbon for “utilization” 

in enhanced oil recovery (“EOR”) or other processes. Section 45Q tax credits were initially 

limited to 75 million tonnes. The Bipartisan Budget Act of 2018, enacted on February 9, 

2018, substantially modified the Section 45Q tax credit to increase over time, expanded the 

credit to include other carbon oxides and eliminated the previous 75 million tonne cap. The 

enhanced 45Q credit linearly increases from $22.66 per tonne of carbon in 2017 to $50 per 

tonne in 2026 for carbon sequestration, and from $12.83 per tonne in 2017 to $35 per tonne in 

2026 for EOR and other uses. The tax credits are provided for 12 years. An electric 

generating facility can utilize the credit if it removes at least 500,000 tonnes of carbon from 

the atmosphere during the taxable year.  

 

2. The Bipartisan Budget Act in February 2018, helped to further unlock CCUS investment by 

expanding the tax credit’s applicability beyond CO2 alone to “qualified carbon oxide”, 

eliminating limits to credits available in the market, lowering the minimum threshold of 

carbon captured for certain investors, while increasing the credit up to $50 per metric ton for 

geologic storage and up to $35 per metric ton for EOR by 2026. The $35 tax credit was also 

made available for non-EOR CO2 utilization and direct air capture projects. It also provided 

construction of a “qualified facility that includes carbon capture equipment” must begin 

before 1 January 2024 to enhance predictability for investors. Once facilities start, companies 

have 12 years to claim their funds. Qualified facilities are further defined as:  

• Facilities emit less than 500,000 metric tons of qualified carbon oxide into the atmosphere and 

capture not less than 25,000 tons of qualified carbon oxide per year.  

• Power generation emits more than 500,000 metric tons of qualified carbon oxide and at 1least 

500,000 tons is captured per year.  

• Direct air capture facilities that capture at least 100,000 tons per year.  

 

3. State tax credits: In addition to Section 45Q credits, several states also offer tax incentives 

for carbon capture sequestration projects. Various states have set certain goals for 

greenhouse gas emission reduction. Some states, including (among others) California, 

Hawaii, New York and Washington have passed legislation adopting 100 percent clean or 

renewable energy mandates or goals. The types of state tax incentives generally vary with 

respect to the type of relevant taxes and the scale of the incentives, mainly in terms of the 

respective tax reduction and the time and periods such incentives apply to the specific 

project. 
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European Union 
 

he EU’s climate and energy policy advances during 2018 and early 2019 are strides in the 

correct direction towards re-establishing its place as a global leader on climate policy feat. For this 

resolve, however, the EU also needs to drastically escalate the emissions reduction goal in its Paris 

Agreement pledge to replicate not only the policies it has already adopted, but also what it can 

realize by 2030 (46) The European Union’s approach towards developing a multilateral framework 

for international energy cooperation is very well structured if compared to that of the US. It has 

already established compulsory targets to upsurge the share of renewable source energy in the 

European energy mix, which are in line with the goal of the Paris Agreement. Succeeding the 

ratification of the Paris Agreement, the Clean Energy for All Europeans package would materialize 

to make a bigger commitment from the EU and its Member States to decarbonize the economy.  

 

EU financial policies and commercial acceleration 
 

	 Innovative technologies using carbon dioxide as a feedstock for industrial and consumer 

products can play a role in achieving Europe’s ambitious climate change objectives.  

The European Union is committed to reducing its greenhouse gas emissions by 20% by 2020 

and by at least 40% domestically by 2030 compared to 1990 levels. It has also adopted a robust set 

of policies to reach these targets, for instance by promoting renew- able energy, energy efficiency 

and low-carbon technologies such as CCUS. In addition to cutting emissions, CCU technologies 

can bring multiple economic benefits. They can support the EU’s industrial revival and the 

development of a circular economy. They can contribute to our energy security, to the 

decarbonization of the transport sector and to the deployment of wind and solar electricity by 

providing energy storage. Moreover, innovation in CCU will also support the further development 

of carbon capture and storage, as it helps advance capture technologies and create demand for the 

CO2 captured. Mutual benefits could be drawn by developing hubs and clusters for CO2 capture, 

transport, storage and utilization around sites with emissions-intensive industries.  

II.  EU carbon capture and storage directive 

The EU Carbon Capture and Storage Directive adopted by the European Parliament and the 

Council on 23 April 2009 (EU CCS Directive) identifies CO2 capture and geological storage as a 

bridging technology that will contribute to mitigating climate change. Beyond the bridging 

qualification, the EU CCS Directive stipulates that CCS technology should not encourage an 

increase in the share of fossil fuel power generation or reduce efforts to support energy efficiency 
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gains and advance renewable and other clean energy technologies. The EU CCS Directive does not 

cover the productive use of CO2 in Carbon Capture and Use (CCU) applications, such as enhanced 

oil recovery, concrete manufacturing, or chemical processes for synthetic fuels and materials. 

Productive use of CO2 in CCU applications helps make CCS more economically viable 

 

EU climate energy and environmental state aid guidelines 
 The EU provides state aid to companies under certain circumstances compatible with the 

functioning of the single market and justified on the grounds of the EU’s economic policies. A 

company receiving state aid in the form of subsidies, tax reductions, or any other measures with 

similar effect gains an advantage over its competitors. Hence, competition law is one of the 

strongest instruments of the European Commission that can enforce legally binding decisions 

regarding state aid without the involvement of EU member states. This creates regulatory 

uncertainty for member state governments, undertakings, and financers seeking to facilitate 

investment decisions and uptake of technologies such as CCUS in pursuit of national energy and 

climate policies in which the EU shares competence. 

 

EU emission trading system and contracts for difference 

 The EU Emissions Trading System (EU ETS) provides a market signal that stimulates 

clean technology deployment, including by rewarding emissions avoided through CCS. Recent 

reforms of the EU ETS and growing demand for emission allowances have led to a gradual rise in 

the EU carbon price that has narrowed the disparity between CCS project costs and market returns 

on investment. Contracts for Difference (CFD) between CCS deployment cost and prevailing 

market prices for alternative options fill the gap. Together with CO2 taxation that provides a price 

floor, the ETS and CFDs reduce the risk of exposure of first movers to the high volatility that 

characterizes nascent and emerging markets including for CO2.  

EU taxonomy 

 The EU defines ‘environmentally sustainable’ in a green classification system to establish 

greater clarity and predictability for investors and attract more finance towards activities that 

address climate change in accordance with the EU’s ambitions, laid down in the European Green 

Deal. Adopted on 18 June 2020 and taking effect on 1 January 2023, the EU Regulation on the 

establishment of a framework to facilitate sustainable investment lists six key objectives:  
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• Climate change mitigation  

• Climate change adaptation  

• The sustainable use and protection of water and marine resources  

• The transition to a circular economy  

• Pollution prevention and control  

• The protection and restoration of biodiversity and ecosystems  

EU hydrogen and energy system integration strategy 
The hydrogen strategy acknowledges that development will be gradual and require CCUS 

infrastructure to facilitate low carbon hydrogen production noting that such projects have yet to be 

launched in the EU. From 2030 onwards renewable hydrogen technologies will be deployed at 

scale using a quarter of the EU’s renewable electricity production. This would enable production 

of synthetic fuels from hydrogen and captured CO2 for the aviation, shipping, industry, and the 

commercial buildings sector as well. It remains unclear how renewable hydrogen deployment will 

interface with low carbon hydrogen derived from fossil fuels with CCUS. Project start up dates 

and project lifecycles suggest they will compete in the EU internal energy market. Without further 

clarification this may create an additional hurdle for investment in CCS projects related to 

hydrogen production and CCUS in general.  

 

EU Fit for 55 proposals 
 The European Commission proposed a €500bn pioneering legislative climate and energy 

legislation package called “Fit for 55”. The proposed carbon framework would place tariffs on 

certain goods produced outside the union, depending on their carbon footprint, subjecting them to 

the same standards that already exist for goods produced within the EU. The objective is to 

discourage EU companies from importing cheaper materials from places where environmental 

standards are lower. In the initial implementation, the sectors affected would include cement, iron 

and steel, aluminum, fertilizer and electricity. Minimum tax rate for petrol and gasoline fuels 

would be increased by significant margins, as would tax on kerosene. It will also create financial 

incentives for the private sector, so that they complement the EU's overall ambition. 

 Another key pillar of the package is a lowering of the cap in the EU Emissions Trading 

System (ETS), the world's first and largest carbon market. The ETS, created in 2005, works by 

placing a cap on the carbon emissions companies within the EU are allowed to produce each year. 

If a company goes over, they are fined. They can also buy "allowances" from others in the ETS, 
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roll over unused allowances. Over time, the cap set by the ETS goes down across the entire carbon 

market.  Fit for 55 package’s proposals are: 

• A carbon tax for selected imports that are emissions heavy  

• An end to combustible engine cars by 2035 

• Target to produce 40% of energy from renewable sources by 2030 

• A phase-out of free emission allowances for aviation  

• Lowering the cap of the Emissions Trading System (ETS) 

• An inclusion of shipping emissions in the ETS 

• Target to plant 3 billion trees by 2030, part of an effort to remove 310 million tons of 

carbon from the atmosphere 

• Target for land use to be carbon neutral buy 2035 

6.3. Differences in EU and US climate policy outcomes 
The EU and US are frequently compared because of their importance in international 

environmental and climate policies, even though one is a supra-national body consisting of 

countries linked to each other through a series of treaties, and the other is a single country. Their 

different policy responses to climate change have been traced back to distinct relationships 

between the state and society in each context. Differences in their interregional carbon intensity, 

commitment to the welfare state, public opinion, party politics, international climate leadership 

ambitions, and governance systems also figure prominently as explanations. These explanations 

have significant merit but are largely unable to explain why differences in the depth and scope of 

enacted climate policy between the EU and the US have increased over the past few years.  

Why have differences in EU and US climate policy outcomes developed more rapidly in 

recent years, despite similarities in policy proposals and the timing of initiatives? Major 

differences in agenda-setting privileges, potential for issue linkages, and legislative procedures that 

constrain coalition-building efforts among veto-players can at least partially explain such policy 

differences. Policy differences should also be understood considering the EU as a supranational 

multi-level governance structure and the US as a federal state. The EU departs from a classic 

federal state in important ways, including separation of powers and cooperative norms. Power 

dispersion among EU institutions (the	Council,	Commission,	and	Parliament)	encourages	cooperation	
and	consensus	seeking	among	agenda-setters	and	veto-	players.	In	contrast,	institutional	relationships	
and	processes	in	the	US	often	lead	to	policy	stalemate	and	failure	to	reach	consensus.	  

 In recent years, the US has lagged behind the EU in its ratification and implementation of 

major multilateral environmental agreements (MEAs). The matter represents something of a role 
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reversal between the US and the EU, given that the US had previously acted as the primary driver 

behind the adoption of most MEAs since the 1970s, with the EU largely following the American 

lead. Some have cited the US reluctance to engage on recent major MEAs as evidence of a 

diminishing American commitment to international environmental law, given prominent domestic 

political opposition to agreements like the Paris Agreement. This position overlooks the enduring 

US commitment to previously ratified MEAs, and its general compliance with other major 

agreements that it has yet to formally ratify. Furthermore, while the EU has clearly become a 

major player in the realm of international environmental law, its embrace of major MEAs is driven 

primarily by domestic economic interests more than any abstract commitment to international law 

as such.  

 It can be debated, that US and EU approaches to international environmental law are best 

explained not by factors rooted in domestic or international legal institutions, nor by forces of 

international politics, but are instead best explained by domestic politics. Domestic ideologies, 

partisan politics, and, above all, interest group politics determine US and EU environmental 

regulations, and the stringency of these domestic regulations in turn shapes each polity’s approach 

to international environmental law. However, in the US, political disparity seems to have graver 

political outcomes than when compared with the EU.  

 The two major political parties in the US, the Democratic and Republican Parties, 

correspond closely with liberal and conservative ideologies, respectively, have a greater 

grip on influence in the Country’s national and international political agenda than does the 

EU. These ideologies influence US policy debates, which often concern the appropriate 

amount of government intervention in the economy or in social behavior. These divisive 

traits have more influence in the US’ political decisions than they do in the EU. 

 Parliamentary systems in Europe in which the executive and most of the legislature are of 

the same party, a much more emblematic situation in the US is the one we have now in which one 

party controls one house of the US Congress and the presidency, but the other house of Congress is 

organized by the other party. “Divided Government”, with dissimilar political parties in control of 

distinctive parts of the government, has been a repetitive feature of the American political 

existence [317].  

 Divided Government is particularly important for national renewable energy policy 

because a strong wing of one of the two major political parties is generally opposed to government 

action to promote renewables [318]. Predictably, the right has caricatured the Democrat party as a 

socialist scheme to ban the rights of the American citizens. Still others have attacked it for 
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polarizing the politics of climate change, being too costly or lacking pragmatism. And others have 

criticized it for going well beyond the remit of climate policy—guaranteeing good-paying jobs, 

affordable and safe housing, high-quality health care, and much more [319]. Meanwhile, when it 

comes to addressing climate change, policy approaches that were pragmatic and “moderate” a 

decade or two ago are simply no longer adequate. Decades of inaction mean the imperative to act 

boldly is today far more urgent [320]. 

 

6.4. US vs. EU Cultural Barriers  
 

 In addition to these structural qualities of our political system, there are also significant 

cultural differences between the US and Europe that may also explain why our outlooks toward 

developing a national renewable energy policy are so dissimilar.  

 We live in a highly polarized age, where Americans have sorted themselves into two 

partisan tribes of left and right.  It’s strange, then, that the US is probably the most ideologically 

united country in history. Americans have a national ideology called liberalism; an idea where 

citizens do not identify by a particular ethnicity, but by a liberal creed (democracy, limited 

government, the rule of law, equal opportunity, and free expression).  

 

§ The “Right” to Low-priced Energy as an Impediment to a National Renewable 

Energy Policy  

 The US has embedded in its citizens the expectation of cheap energy to live in our 

society. People protest mightily when gas reaches $4 per gallon in the US. Some analysts 

even proposed that President Obama’s bid for reelection was loomed by rising gasoline 

prices, pointing out that in America there is a stronger connection between low prices of 

gasoline and presidential approval than there is with unemployment rates [321]. 

 Some studies claim that the average cost of gasoline should be in the range of $6-

15 per gallon and yet Americans are upset when the price rises as high as $4 per gallon, 

which is about one-half the price in Europe [322].  

 Americans have created an essential expectation in the democratic constituencies 

that energy prices must remain low. Some of this is an outcome of history and the 

Country’s large domestic supplies of fossil fuels.  

 Historically, the US has had large domestic sources of energy and have become 

used to  low-cost energy prices. This conjecture is now built deep into the structure of its 

society; for example, the typical American worker drives 22 to 30 miles (35 to 48 
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kilometers) round-trip each day to and from work, and eight million workers drive over 70 

miles (112 kilometers) each work day [323]. And because of the layout of the cities in 

America, the large country area, and the lack of good public transportation in many cities, 

many people do not have any other option but to drive. Since there are many sources of 

fossil energy within easy reach, as new supplies are discovered or new recovery techniques 

developed, energy prices can change radically. For instance, in the last few years, the 

anticipation of low natural gas prices from the huge new shale gas supplies in the US has 

instigated several developers who were making big investments in wind projects to delay 

or pull out on those projects [324]. 

§ Free Market Philosophy as an Impediment to a National Renewable Energy Policy  

The second cultural factor is that there is a very strong free market ideology in the US; 

consequently, many of the leading conservative political institutions disagree with the 

concept of government endorsing green energy and a green energy future, stating political 

overreach [323]. However, it is an interesting incongruity that conservatives in Europe 

generally support renewable energy but conservatives in the United States generally oppose 

it [325].  

§ Less Concern About Climate Change as Impediment to a National Renewable Energy 
Policy  

There is also less concern about global climate change in the US than there is in Europe. 

Europeans tend to mention global climate change first and energy security second; however, 

in the US is the total opposite [317].  

 

6.5. Circular Carbon Economy 
The concept of a Circular Carbon Economy (CCE) was developed by King Abdullah 

Petroleum Studies and Research Center (KAPSARC) helps to address this risk by creating a 

framework that recognizes and values all emission reduction options [326].  The CCE builds upon 

the well-established Circular Economy concept, which consists of the “three Rs” of Reduce, Reuse 

and Recycle, works well in describing an approach to sustainability considering the efficient 

utilization of resources and wastes, but has proven manifestly inadequate as a framework for 

defining climate action. To be effective, a fourth R must be added; Remove, creating a new 

concept the Circular Carbon Economy (CCE) [327].  
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The CCE provides for the removal of carbon dioxide from the atmosphere (Carbon Direct 

Removal or CDR) and the prevention of carbon dioxide, once produced, from entering the 

atmosphere using carbon capture and storage (CCS) [328]. The CCE establishes a framework that 

respects the analysis of the Intergovernmental Panel on Climate Change (IPCC) and many others, 

that all conclude that CCS and CDR, alongside all other options, are essential to achieve climate 

targets [329].   

 Measures taken under the Remove dimension of the Circular Carbon Economy contribute 

to climate mitigation by storing carbon dioxide in the geosphere (CCS or DAC with geological 

storage) or in the biosphere (nature-based solutions such as afforestation). However, CO₂ stored in 

the biosphere via nature-based solutions may be susceptible to release due to natural phenomena 

such as fires, droughts or disease (of plants).  

 Technology-based solutions such as CCS and DAC with geological storage offer 

extremely secure and permanent storage of CO₂, which is not susceptible to disruption from fire or 

weather, as well as requiring very little land for facilities with a capacity to provide multi mega-

tonne per annum abatement [330]. 

 In recent years, climate change mitigation and adaptation efforts and treaties such as the 

Paris Agreement have led to financiers and investors including the environmental and social 

impact of companies in decision making processes. At the same time, businesses across sectors are 

searching for ways to stay competitive while improving their environmental and social impact 

[331].  

 The circular economy is an economic system that combines economic, environmental and 

social prosperity. Circular businesses typically employ strategies that aim to extend the lifespan of 

products and materials for as long as possible, at their highest value. Waste is designed out of the 

system by using resources in cyclical ways. Moreover, the circular economy assumes the use of 

renewable energy for production processes and aims to foster social inclusivity [331]. 

  Implementing circularity in business activities essentially entails incorporating 

externalities (i.e., impact) in the business and revenue model. Compared to their linear 

counterparts, circular companies may have a lower financial performance, due to the costs incurred 

for activities that have a positive economic, environmental or social impact. Therefore, in striving 

for a fair assessment of a company’s performance, it is key to create a level playing field and rate 

all companies the same way. This requires different information and different assessment 

frameworks. Here, circular Impact measurement can offer a solution. In addition to the financial 

management information provided in financial statements, companies and financiers are looking 

for additional information with which they can optimize business operations and better estimate 
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risks. Relating circular impact to financial impact can enable more substantiated decision-making 

and unveils a company’s license to operate [331].  

 

6.6.  CO2 Technologies and Markets 
 

With a new technology, there needs to be a full understanding of the market opportunities. An 

assessment of the differentiation advantages of a new product can be difficult and often requires 

having detailed market understanding.  

Carbon utilization is the use of CO2 to create products with economic value. Utilization can 

be subdivided in 3 main areas (Mineralization, Biological and Chemical) as previously discussed. 

It is important to note that certain carbon application options, such as the use of CO2 in some 

chemicals processes, algae, etc. are not equal to permanent sequestration solutions such as concrete 

or carbonates.  

Due to its current market size, the conversion of CO2 into products makes a small but 

important contribution to GHG targets for climate change.  

In the market assessment, building materials (e.g., concrete, carbonates aggregates), chemical 

intermediates (e.g., methanol, syngas), fuels, and polymers are prioritized in terms of 

environmental impact and commercial opportunity.  

Catalytic conversion technology and mineralization are the most well-developed technologies. 

 

• Mineralization of CO2 is the only CO2U technology used for the building market. 

• Catalytic conversion of CO2 is widely used for production of chemical intermediates, fuels, 

and polymers. 

 
Building materials with concrete has reached technological maturity in CO2 utilization that 

merits importance of policy and business “intervention” to accelerate market deployment. 

Tremendous market opportunities of CO2 utilization were estimated that the markets for a selected 

sub-sector could exceed $500 billion in annual revenue by 2030.  

Fuels are on a medium-term maturity. Using existing technology pathways, there is a market 

of roughly one billion tons of methanol available. This is also applicable for methane production in 

the power-to-gas process. However, these processes are generally thermodynamically challenging 

in the lifecycle perspective because of their energetically uphill reactions, which means there is a 

need for low carbon power and hydrogen that requires much R&D in its efficiency and cost 

improvement.  
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Overall market drivers and constraints shaping the commercial deployment 
of CO2U technology  

 

There is a wide array of carbon utilization options, each carbon utilization pathway has 

specific characteristics in terms of technical maturity, market potential, economics, and CO2 

reduction impact. Given this diversity, implementing both broad-based policies and sector-

specific ones together will have the greatest impact on CCU development [81]. 

 

 Drivers applicable to most markets 

• The reduction of CO2 emission as set in the Paris agreement, COP21, which is now ratified 

by more than 62 countries. The Paris Agreement will come into force in November 2016. 

• The drive toward carbon neutral economy and less dependency on oil, this sentiment is 

especially strong in Europe and China. 

• CCS competes with CO2U as a solution for CO2 mitigation. Note there is a move away 

from CCS in Europe due to negative reputation of CCS. For this reason, CO2U is called 

CO2 transformation, CO2 usage, or CO2 re-use by policy makers and developers in Europe. 

• Another driver is the success in commercializing CO2U technology during the last 5 years. 

 

 Constraints applicable to most markets 

• The A barrier is the lack of access to facilities to scale up CO2U technologies. 

• CO2U has to compete with conventional feedstock and bio-based feedstocks. These 

options are often lower in cost.  

• Another barrier is the lack of access to feedstocks. This is the case for hydrogen, CO2, and 

renewable energy. 

• In general, regulations for CO2 mitigation are lacking. Although carbon tax exists in 

several countries, a global carbon tax would be more effective in driving adoption of 

CO2U. 
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Table 6.1. Barriers and Risks: Carbonate Aggregates from CO2 [70]. 
Key Barrier and 

Risks 
Means to mitigate Likelihood of successful 

mitigation by 2030 

Demonstration at 
large scale at low-cost 

Process integration of 
conversion to carbonates and 

local supply of solid waste and 
CO2 

High, infrastructures can be 
set up to be cost competitive 
with traditional aggregates 

Lack of funding to 
move the technology past 
low-capacity production 

Subsidize early developers 
of CO2 conversion to carbonates 

or tax carbon emissions at 
cement factories 

High, programs and 
regulations connected to COP21 

will take time to be 
implemented. Europe is most 

likely the early adopter 
Product will have to 

be qualified by existing 
regulations 

Expedite standardization 
and regulations to lower time to 

less than 5 years 

High, regulations and 
standards will have been 

resolved by 2o30 

 

Table 6.2. Barriers and Risks: Syngas from CO2 [70]. 
Key Barrier and 

Risks 
Means to mitigate 

Likelihood of 
successful 

mitigation by 2030 
Access to low-cost 

hydrogen and access to a 
clean energy supply 

Development of electrolysis and 
access to low-cost renewable energy, i.e., 
process integration of renewable energy 

or excess energy, carbon capture and 
conversion to syngas 

High if excess 
energy of plants or 
renewable sources 

can be utilized 

Lack of demonstration 
facilities 

Increase funding for pilot programs 
and for scaling up production of syngas 

High, Funding 
in Europe has 

focused on pilot 
programs 

Lack of incentives to 
reduce carbon emissions 

Tax on carbon emissions or 
mandate reduction of carbon emissions 

Low, although 
Europe could be an 

early adopter 
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Table 6.3. Barriers and Risks: Liquid Fuels from CO2 [70]. 
Key Barrier and 

Risks 
Means to mitigate 

Likelihood of 
successful mitigation by 

2030 
Current mandates for 

fuels from renewable 
sources can be met by 

biofuels from bio-based 
feedstocks 

Increase mandates or replace 
bio- based feedstocks High: Mandates are 

likely to become stricter 
by 2030 

Access to renewable 
energy at a low price 

Increase availability from 
energy from solar, wind and other 

renewable sources 

High: in areas of 
oversupply of solar and 

wind energy 

Efficient conversion of 
CO2 

Technological advances in 
conversion of CO2 are necessary to 

allow for different quality 
feedstocks to be used and to 

increase the yield of the conversion 

High: Advances in 
catalysis and 

photocatalysis should 
allow for more efficient 

conversion 

 

 

6.7. CO2 Accelerating Technological and Business Innovations for CCUS 
 

Technologies develop from initial observations and concepts, through laboratory studies and 

bench scale equipment, all the way through to pilot-scale and eventually full-scale commercial 

service.   

One of barriers to commercialization is the cost to research, develop and deploy a new 

technology. However, there are ample opportunities to drive down the cost of carbon capture and 

to shorten project deployment timelines, through economies of scale, modularization, heat 

integration, process optimization, combined with next-generation technologies    

Currently, there are many capture technologies in the near-commercial pipeline (e.g., building 

materials) that could be more cost- effective and efficient in capturing CO2.  All elements of the 

carbon capture and storage value chain are mature and have been in commercial operation for 

decades. However incremental improvements in those technologies have and will continue to 

reduce their cost. For example, the cost of capture from a coal fired power station has reduced by 

around 50% over the past 10-15 years [332]. Those improvements arise from learning by doing, 

through competition between vendors, through larger developments that take advantage of 

economies of scale, and through commercial synergies that reduce the risk and therefore the cost of 

investing in CCS [333] .  
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6.8. Economies of Scale 
 

In order to realize wide-scale deployment of CCUS, policy incentives are needed [334]. Three 

primary actions improve the feasibility of wide-scale CCUS deployment: placing a value on CO2 

through a carbon tax or other policy instrument, lowering risks to investment through financial 

support from grant funding or other provisions from federal and state government [328] and 

facilitating the development of CO2 transport and storage infrastructure [328] [7].  

Because fossil fuels are forecast to continue to dominate primary energy supplies, and strong 

demand for industrial goods requiring high-temperature heat (including cement, steel, and 

chemicals) persists, CCUS remains an effective tool for policymakers to address climate change 

problems. To foster industrial scale CCUS development, a carbon tax could be utilized to 

incentivize CCUS, using its revenues to reduce CCUS costs [335].  

Carbon Capture and Storage are essential technologies to help achieve the ambition of net 

zero anthropogenic greenhouse gas emissions by 2050. As with all solutions, the cost of 

deployment of CO2 capture, transport and storage systems is of vital economic and environmental 

importance. This importance will continue to increase as the scale and breadth of CCS deployment 

grows around the world. The Global CCS Institute [198] has developed this report to describe the 

factors that drive current and future costs of the technology. Key drivers of CCS cost include 

economies of scale (which incentivizes the development of CCS hubs to build scale); partial 

pressure of CO2in the source gas (lower partial pressures are more challenging), which mean there 

is variation in CCS costs from industry to industry; energy costs (in the forms of heat and 

electricity); and technological innovation [332]. 

 

6.9. Conclusion 

Identifying the most mature, economically promising, and impact-mitigating applications for 

CO2 conversion is essential to driving further investment and innovation in catalytic style. This 

will help accelerate time-to-market for solutions that capture and reduce global CO2 emissions and 

offer sustainable climatological benefits.  

Accelerating the deployment of CCUS in industry is both complex and increasingly vital. It 

requires government, industry, financial services and key stakeholders to work in partnership and 

put in place new, investable business models, reaching agreement on the sharing of costs, risks and 

liabilities.  
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For CCS to be commercially deployed at the rate required to meet emissions reductions 

targets, governments must implement robust energy policy frameworks that align private and 

public good investment incentives to drive private capital into CCUS projects at a much greater 

scale. Achieving widespread uptake of CO2 as an alternative carbon resource to produce 

chemicals, materials, fuels and store energy also requires a stable and suitable policy framework in 

the areas of energy, transport and circular economy. To attract investment and gain the 

environmental and social benefits there must be no distinction between CO2 of biological origin 

and other CO2 streams.  

When analyzing EU and US climate and energy policies, three important differences explain 

policy-making dynamics in the initiation, design, and negotiation phases of new climate policies.  

First, the separation of powers between EU institutions is not as clear as that between US 

institutions. This forces the European Commission (“The Commission”) to participate in extensive 

consultation and cooperation with veto-players when initiating new policies, even though it has the 

exclusive right to propose new legislation. Likewise, it ensures that decision-making bodies 

cooperate with The Commission during the negotiation phase, although The Commission does not 

have formal voting rights.  

Second, the EU focuses on consensus building, while policymaking in the US is much more 

competitive. In combination, these features enabled the EU to respond swiftly to new opportunities 

by designing a climate and energy package containing measures based on effort-sharing and 

providing ample room for issue linkages.  

Third, shifting policies and national issues concerns as different parties come to power in the 

US has been one of the major difficulties to promoting renewable energy. American policies tend 

to come and go on shorter time horizons than those that are required to make long-term capital 

investments in infrastructure. One of the main structural difficulties to executing a national 

renewable energy policy is the struggle in maintaining policies and leading consistent signals to 

the market over a long period of time required to replace capital stock. 
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7. CONCLUSION AND RECOMMENDATIONS 
 

This research study provides an overview of the recent technological developments and 

breakthrough innovations enabling carbon capture and an emphasized focus on the effective 

conversion of CO2 into a range of end products.  

The amount of CO2 generated and emitted into the atmosphere continues to rise as a direct 

result of a series of complex interactions including population growth, improved standards of 

living, and expanding economies, and this is clearly demonstrated by both the increasing absolute 

level and the annual rate of increase in atmospheric carbon levels. 

Carbon capture, utilization and storage (CCUS) technologies can aid in realizing continued 

low-carbon utilization of fossil fuels on a large scale. It also facilitates the optimization of energy 

consumption structure and ensuring energy security while reducing CO2 emissions. 

CO2 can be captured from large sources, such as power plants, natural gas processing 

facilities and some industrial processes. Capture from the open atmosphere is also possible. Where 

fossil fuels are burnt at power plants, there are three techniques to remove or ‘scrub’ CO2: post-

combustion, pre-combustion, oxyfuel combustion. 

While carbon capture and storage (CCS) had significant attraction in the last decade with the 

explosive market of EOR, the economic and regulatory roadblocks have impacted their adoption 

potential for the most part. The CCS projects are currently being deployed at a very lethargic pace 

and hence, global nations cannot rely on solely CCS technologies to meet climate change and 

sustainable development goals related to CO2 emissions.  

The economic feasibility of CCS on a global scale largely depends on the value and price that 

governments and people put on environmental and ecosystem viability. If the penalty price for 

emitting CO2 is high, then there is a financial incentive to adopt CCS and it will become 

economical quickly. If the penalty price remains low, CCS will be slow to develop because there is 

no incentive. When CCS technology is better developed, its costs may lower. Some people suggest 

that money spent on CCS will divert investments away from other solutions to climate change. 

With every nation facing an urgent climate challenge, serious consideration must be given to 

alternative technologies such as carbon capture and utilization (CCU). The regulatory scenario and 

the development of cost-effective technologies have also proven favorable to CCU applications in 

comparison to CCS. The possible utilization routes include the use of captured carbon for 

applications such as chemicals, fuel, plastics, chemicals, building materials and others. 

Creating large-scale CCU technologies is not an easy feat. One big challenge is that carbon 

dioxide is a highly inert molecule. Because of this, transforming the captured gas into industrial 
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products typically requires a lot of energy. Another challenge is that oil remains a highly cost-

effective industrial feedstock, both as a fuel and as a precursor in the synthesis of other substances, 

such as plastics. These factors mean that clever solutions to the energy-balance challenge are 

required, and it could be years before CCU is a big business with major environmental benefits. 

Nonetheless, CCU should have a future in an emissions-constrained world. That creates enthralling 

medium-term prospects for investors, companies, and governments. 

Some new applications for captured carbon dioxide are being piloted; others are in the 

developmental stage. Three of these applications stand out for their potential to reduce emissions 

and generate revenue: fuel production, concrete enhancement, and power generation. It has been 

estimated that carbon usage, driven largely by this trio of applications, could reduce annual GHG 

emissions by as much as one billion metric tons in 2030, compared with a scenario in which these 

applications do not develop quickly. 

 

Fuel made from captured carbon 
 

Captured carbon dioxide can technically be converted into virtually any type of fuel or 

chemical that is otherwise derived from petroleum. The question is how to do this economically 

enough so that the resulting fuels and chemicals are cost-competitive with those derived from oil. 

One method involves causing a chemical reaction between hydrogen and carbon monoxide 

molecules to create the hydrocarbon chains that make up liquid fuels. Producing the chemical 

reaction is energy-intensive; hence very expensive.  However, SOFC/SOEC, electrochemical fuel 

cell technologies, show logical promise for storing renewable electricity at high energy efficiency 

with reduced environmental impact generators. These technologies can aid in the production of 

liquid fuels more effectively and efficiently. Unfortunately, these technologies also have their own 

challenges related to cost, durability, understanding and optimization of interfaces, performance, 

and sustainability of materials.  

If a goal of synthesizing fuels from carbon dioxide is to reduce GHG emissions, then using 

energy to power the synthesis makes sense only if the energy is both cheap and low or zero carbon. 

A way to make this work would be to produce fuel from captured carbon dioxide only when 

renewable power plants, such as solar or wind farms, are generating excess electricity. This would 

also provide a means of storing energy from renewable sources in a form that is portable and easy 

to use in existing industrial equipment. 
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Concrete enhanced with captured carbon 
 

The manufacture of cement, which serves as the binding agent in concrete, accounts for 

roughly 8 percent of global carbon dioxide emissions, a significant share of the total. This is 

because making cement involves using immense amounts of mechanical and heat energy to quarry 

rock for limestone and extract the lime by way of a high-temperature treatment process. Cement is 

then combined with aggregates and water to make concrete. 

 Captured carbon dioxide can’t readily lessen the amount of energy that goes into this 

process. But using captured carbon dioxide during the making of concrete would sequester the gas 

in buildings, walls, bridges, sidewalks, and other concrete structures, allowing the material to serve 

as a major carbon sink. 

 

Biogas in the production of power generation 

 
 Globally there is an increasing focus on looking for alternative technologies able to 

generate power, at the same time respecting the environment and saving energy.  

 In this context, the use of CO2 inside an energy production process has been developed in 

the case of a stream of biological origin (i.e., carbon neutral) and containing a large amount of 

CO2: biogas produced in municipal waste systems plants (e.g., WWTPs), with the goal of 

converting these plants as net energy producers. The concept revolves around researching 

technological measures to upsurge self-sufficiency in WWTPs.  This feat is deemed to be an 

achievable target since wastewater already contains two to four times the amount of energy needed 

for the wastewater treatment process. 

 The organic matter contained in the wastewater stream can serve as a source of energy 

when biogas is produced as a result of anaerobic digestion process. Biogas is the product of 

biological processing of waste with no economic value and compared to other fuels has the great 

advantage of being renewable and free. 

 The in-situ accessibility of biogas provides the opportunity to cover a substantial portion 

of WWTPs electricity and thermal demands. Biogas can be transformed into electrical and thermal 

energy by utilizing high temperature fuel cell generators. The use of fuel cell systems (e.g., SOFC 

plants) can increase further the on-site electricity generation, which is key to self-sufficiency. 
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Commercialization 
 Most efforts to commercialize these three uses for captured carbon dioxide are still in their 

early stages. All three have the potential to become profitable in the medium to long term as the 

technologies advance and countries pursue their plans to reduce GHG emissions. 

 Two major sets of costs need to be addressed. First, the technology used to collect carbon 

dioxide from the flue gases of power plants and industrial facilities would have to become more 

cost-effective. Second, as noted earlier, the technologies for using captured carbon dioxide need to 

become more efficient and cost-effective. 

 CCU technologies also must win support in industry, which has proven alternatives to fall 

back on fossil fuels instead of synthetic ones; ordinary concrete instead of concrete made with 

mineral carbonates; steam turbines instead of carbon dioxide turbines. Conventional practices can 

be difficult to overcome, even when better ones come along. Policy makers can play a role in 

accelerating the development and adoption of CCU technologies. Just as regulatory support helped 

ensure steady demand for renewable energy in some countries, the right policy environment will 

encourage companies and investors to get behind CCU. 

 Reducing and eventually stopping increases in the atmosphere’s GHG concentration will 

require multiple methods of cutting emissions to be used widely. While carbon capture and storage 

has been slow to catch on, CCU seems to have more promise, partly because of its revenue-

generating potential. Making CCU work at scale in the long-term will depend on technology 

investment decisions made today. Companies and governments that provide the right support now 

may position themselves to reap the benefits from CCU in the years to come. 

 The overall benefits to develop and commercialize CCUS technologies can bring critical 

relief needed to mitigate GHGs emissions and to introduce greener products at a global market 

level. The novelty that carbon base products such as synthetic fuels and carbonated fly ash, can 

help bring forward economic incentives very much needed by many countries and mitigation to 

climate change worldwide- and considering that there is a need for both- the act to commercialize 

becomes imminent.  The question is, how fast are we willing to move forward to make this global 

change come to fruition. 
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Summary of 
Carbon Recycling Technologies R&D  

 
Category 

Substance After CO2 
Conversion 

 
Current Status1 

 
Challenges 

Price of the Existing 
Equivalent Product2 

 
In 2030 

 
From 2050 
Onwards 

 
Basic 

Substance 

 
Syngas/Methanol, etc. 

 
Partially commercialized. 
Innovative process (light, 
electricity utilization) is at 

R&D stage 

Improvement of conversion 
efficiency and reaction rate, 
improvement in durability 

of catalyst, etc. 

 
― 

 
Reduction in 
process costs 

 
Further reduction 
in process costs 

       
 
 
 
 

Chemicals 

 
Oxygenated Compounds 

Partially commercialized 
(polycarbonates, etc.), 

Others are at R&D stage 
[Price example] Price of the 

existing equivalent 
product (Polycarbonate) 

Reduce the amount of CO2 
emission for polycarbonate. 
Other than polycarbonate, 

etc. commercialized 
(Improvement in conversion 

rate/selectivity, etc.) 

Approx. JPY 300- 
500/kg 

(polycarbonate 
(domestic sale 

price)) 

 
Costs: similar to 
those of existing 
energy/products 

 
 

Further reduction 
in costs 

Biomass-derived 
Chemicals 

Technical development 
stage (non-edible biomass) 

Cost reduction/effective 
pretreatment technique, 

etc., conversion 
technologies, etc. 

 
― 

Costs: similar to 
those of existing 
energy/products 

 
Further reduction 

in costs 

Commodity Chemicals 
(olefin, BTX, etc.) 

Partially commercialized 
(Syngas, etc. produced from 

coal, etc. is utilized) 

Improvement in conversion 
rate/selectivity, etc. 

JPY 100/kg 
(ethylene (domestic 

sale price)) 

 
― 

Costs: similar to 
those of existing 
energy/products 

       
 
 
 
 
 
 

Fuels 

Liquid Fuel (microalgae 
biofuel) 

Demonstration Stage 
[Price example] Biojet Fuel: 

JPY 1600/L 

Improvement productivity, 
cost reduction/ effective 
pretreatment technique, 

etc. 

JPY 100/L level (bio-
jet fuel (domestic 

sale price)) 

Costs: similar to 
those of existing 
energy/products 
(JPY 100-200/L) 

 
Further reduction 

in costs 

 
Liquid Fuel (CO2- derived 

fuels or biofuels 
(excluding microalgae- 

derived ones)) 

 
Demonstration stage (E-

Fuel, etc.), partially 
commercialized for edible 

biomass-derived bioethanol 

 
Improvement in current 

processes, system 
optimization, etc. 

JPY 50-80/L 
(alcohol as raw 
material (imported 
price) JPY approx. 
130/L Industrial 
alcohol (domestic 
sale price) 

 
 

― 

 
 

Costs: similar to 
those of existing 
energy/products 
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Gas Fuel (Methane) 

 
Demonstration Stage 

 
System optimization, scale-

up, etc. 

JPY 40-50/Nm3 
Natural gas 

(imported price) 

 
Reduction in costs 
for CO2–derived 

CH4 

Costs: similar to 
those of existing 
energy/products 

       
 
 

Minerals 

 
Carbonates/Concrete 

Products, Concrete 
Structures 

Partially commercialized. 
R&D for various 
technologies techniques are 
underway towards cost 
reduction. [Price example] 
order of JPY 100/t (Road 
curb block) 

 
Separation of CO2-reactive 

and CO2- unreactive 
compounds, comminution, 

etc. 

 
JPY 30/kg (Road 

curb block 
(domestic sale 

price)) 

 
Road curb Block 
costs: similar to 
those of existing 
energy/products 

Other products, 
except road curb 

block 
costs: similar to 
those of existing 
energy/products 

       
 
 

Common 
Technology 

 
 

CO2 Capture 

Partially commercialized 
(chemical absorption). 

Other techniques are at 
research/ demonstration 

stage [Price example] 
Apox.JPY40-CO2 (Chemical 

absorption) 

 
 

Reduction in the required 
energy, etc. 

 
 

― 

JPY 1000-2000 level 
/t-CO2 (chem 
absorp, solid 

absorp, physical 
absorp, membrane 

separation) 

 
 

JPY 1000/t-CO2 or 
lower 

Basic 
Substance 

 
Hydrogen 

Technologies have been 
roughly established (water 
electrolysis, etc.) R&D for 
other techniques are also 
underway towards cost 

reduction. 

 
Cost reduction, etc. 

  
JPY 30/Nm3 

JPY 20/Nm3 
(cost at delivery 

site) 

1 Price researched by secretariat 
2 Basic substances, chemicals (excluding some oxygenated compounds), and many technologies for fuels require large amounts of inexpensive CO2-free hydrogens. Biomass- derived fuels may require hydrogen for 
hydrogenation treatment, etc. 
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Recommendations 
 

 Determining the commercialization potential of a new product or process needs 

consideration of factors beyond the technology and economic feasibility, for example, market-

focused and legal mechanisms. Market-focused entails an evaluation of the end market size, 

competitiveness and perception of the technology in question; while legal components include 

consideration of regulatory matters, intellectual property, and standards and norms in the market of 

interest. 

Carbon Capture is a high-cost abatement option and will remain so in the short term and, unlike 

renewable energy and energy efficiency, it does not generate revenues if there is no carbon price or a 

commercial market for the captured CO2 . Current carbon prices (around 50 €/tonCO2 according to 

the ETS system) are well below carbon capture costs because current short term emissions targets 

can be met without the use of capturing systems. 

Moving away from conventional processes and products will require a number of developments such 

as: (i) education of producers and consumers; (ii) new standards; (iii) prevailing research and 

development to address the issues and barriers challenging emerging technologies; (iv) government 

funding for development and deployment of emerging technologies; (v) rules and regulations to 

address the intellectual property problems related to the diffusion of new technologies; and (vi) 

financial incentives (e.g., through carbon trading mechanisms) to make emerging low-carbon 

technologies, which may have a higher initial costs, competitive with the conventional processes and 

products. 
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