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Role of biomass in world –EU energy mix
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Gross inland bioenergy production in EU

• The highest projections of the long-term strategy foresee an increase in bioenergy consumption by
around 80% by 2050, compared with today

• Βiomass and waste are expected to increase their share in all decarbonization scenarios

• Αccording to the European Commission’s 2018 long-term strategy may represent between 14% and 19%
of the final energy demand in 2050, starting from a share of slightly more than 8% in 2017

Source: Scarlat et al. (2019) based on European Commission, “A Clean Planet for all” (2018), op. cit.

Historic and projected shares of energy carriers in final energy carriers



Role of biomass in Greece energy sector
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Installed RES in Greece, 2017
Distribution of annual biomass production, in tonnes, by 
agricultural waste category in Greece 

• Τhe share of biomass among installed RES is very small due to the complex institutional
framework and the negative reactions of the local community

• Olive production residues possess a high amount among annual biomass production



The Importance of Olive Kernel as Biomass fuel
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 Olive tree cultivation presents a significant agricultural activity in Greece and plays an important role to
country’s agriculture and food export activities.

 Greece is the third largest Olive oil production industry in the world. About 400,000 tons of Olive kernel
are produced annually corresponding to almost 15% of worldwide production

fruit weight/olive tree (kg) 20-30

Total amount of olive trees (for oil 

production)
108.6x106

Total weight of oil (tn) 2.17x106 – 3.25x106

Total weight of oil stone after oil 

extraction (tn)
391x103– 749x103

LHV Olive kernel(kcal/kg)4 4497

Estimation of energy production (GJ) 7.3x106 - 14x106

Tones of oil equivalent (toe) 174x103 - 300x103

Estimation for energy production from olive kernel



Conventional vs Alternative solid biomass Energy Conversion

• Olive kernel is already exploited as a low cost solid biomass fuel (0.05 e/kg), and is mostly utilized for conventional 

combustion. However, Olive kernel has not yet utilized its full potential as alternative biofuel

• Pyrolysis and gasification of biomass are of major importance toward a smooth transition to a more efficient and

cost-competitive energy future.

• Gasification typically occurs at 700 – 1200 οC leading to a gas mixture of H2, CO, CO2, CH4 and traces of light

hydrocarbons with its composition to be strongly dependent on the employed conditions (e.g. temperature,

gasification agent, residence time, catalyst addition).
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Source: Cosetta Ciliberti et al. (2020)



Number of incentives to support the use of biomass in electricity sector
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The share of incentives for
gasification is still very low (6%) 
however,

Source (RES-Legal, 2018).

very efficient way to convert 
biomass especially in 
combined cycles coupled 
with ICE or fuel cells

Straight forward 
route for the CO2 

emissions mitigation 
by utilizing CO2 as 
gasification agent



Aim

explore olive kernel gasification 
performance in terms of syngas 
production

effect of thermal treatment on physicochemical 
characteristics of the as-produced biochar and 
syngas production

Utilize CO2 as gasification agent 

Investigate the beneficial role of an 
eutectic carbonates mixture (Li2KCO3) on 
syngas production and gasification 
performance



Char Production

Pristine Fuel: Olive Kernel (OK) from the island of Crete in Greece

The thermal treatment occurred under a pure Ν2 (250 cm3/min) flow with a heating rate of
20 οC/min until the selected temperature, remained then for 1 h and cooled down naturally.

Prior to characterizations, all samples were dried and milled to 100 – 200 μm using an agate 
mortar.
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Heat treatment at 500  oC
OK OK500OK



Char yield
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• Solid fraction is ca 30 % of the initial weight

• Ash and FC remains almost unaffected (normalized in the portion of 30%)

• VM and moisture sharply decreases upon thermal treatment(as above)

• Liquid fraction possesses the highest yield (40 %) ( tars, H20 etc)



Fuel Characterization Methods
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ΟΚ500
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Morphology
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Proximate & Ultimate Analysis – BET 
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Thermal Treatment

Sample Ultimate analysis (wt.%) Proximate analysis (wt.%) Ratios

HHV

(kcal/kg 

d.b)

C H N O S Moisture Ash Volatile 

matter

pH Fixed carbon H/C O/C

OK 50.2 5.9 0.7 40.2 0.02 7.4 2.9 75.8 - 13.9 1.41 0.60 4785

OK500 81.9 2.9 0.8 8.0 0.0 4.5 6.4 15.0 10.8 74.1 0.42 0.07 7179

Samples dHe

(g/cm3)

Porosity

(%)

Vp

(cm3/g)

Vmeso

(cm3/g)

Vmacro

(cm3/g)

SBET

(m2/g)

OK 1.45 11 0.09 0.03 0.06 < 3

OK500 1.42 52 0.70 0.16 0.54 < 3

• low BET surface area might be assigned to 
phenomena such as fusing, melting and 
carbonization that partially block micropores

• the removal of volatile matter upon thermal 
treatment results in the increase of porosity in 
the char

Decrease
VM, O, H, H/C, O/C

Increase
FC, ash



XRF Analysis
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• Alkali and alkaline earth metal oxides, such as MgO, CaO and K2O, exert a

pronounced catalytic effect on the gasification process.

• Al2O3 and SiO2 have an inhibiting role (Lampropoulos et. al doi:

Oxide OK OK500
Na2O 16.79 12.53

MgΟ 0.64 2.24

Al2Ο3 0.09 0.06

SiΟ2 1.42 1.49

P2Ο5 3.88 4.30

Cl 7.27 3.26

SΟ3 4.51 1.31

K2Ο 46.91 57.92

CaO 17.58 16.36

Fe2O3 0.394 0.430

TiO2 0.02 0.04



SEM Analysis
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OK OK500

particles with no specific 
morphology and high poly-
dispersity with particle sizes 
ranging between 10 to 150 
μm

truncated, irregular shapes 
oval structure and thick walling 
pores



Isothermal gasification tests
Experimental setup - Reactor

• ID = 0.8 cm inox U tube

• Batch operation mode

• Fuel feedstock= 500 mg

• Catalyst feedstock= 100 mg

• Gasifying agent: Pure CO2

• Flow rate= 30 cm3/min

• T= 700-800- 900 oC

• Sampling time from the start of gasification 
until fuel depletion 

CO2

He

Tailor – made inox reactor with a custom funell in order to 
feed the reactor when furnace reached the desired 
temperature 

CO yield Carbon to CO conversion



Syngas production during OK isothermal CO2 Gasification

• The presence of CO in the first minutes (before 
gasification start) is attributed to the pyrolysis process 
and tar cracking reactions of carbonaceous materials

• CO molar fraction after pyrolysis process is attributed to
the BR reaction (C+CO2->2CO)

• CO was the main product followed by 
minor quantities of H2 and CH4

• Increase in gasification temperature 
enhances tar cracking, reduces the time of 
pyrolysis process and enhances CO molar 
fraction attributed to gasification process



• CO production followed similar trend with the raw
OK with the difference that both pyrolysis and
gasification stages occurred during different time
regimes

• H2 and CH4 yields are lower compared to pristine OK,
in line with the decreasing volatile matter content

CO production during OK500 isothermal CO2 Gasification
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• Time for pyrolysis process differs from the raw sample to 
the thermally treated one in correlation with their 
volatile matter content

• Duration of gasification process is longer in the OK500 
sample at 800 oC possibly due to its notably higher fixed 
carbon content compared to pristine fuel (74.1 and 13.9 
% respectively)

CO production OK vs OK500



Syngas production (y), carbon to CO conversion (Xco)
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• CO was the main product of syngas
followed by H2 and minor quantities of
CH4

• Higher temperatures and thermal
treatment were beneficial for syngas
production

• OK500 reaches almost total carbon to CO 
conversion for both 700 and 800 oC 

• Xco for OK is c.a. 30 %, notably lower 
than OK500

• Gasification temperature determines the 
time for complete carbon to CO 
conversion, especially for OK500 sample



Effect of catalyst addition

enhancement of  BR process by the surplus 

CO2 generated by the decomposition of 

carbonates. This additional CO2 gives rise 

to the formation rate of CO

• enhancement of tar dry thermal cracking 

(Tar + CO2 → CO +H2 +CH4 + light HCs) by the 

surplus CO2 generated by the decomposition of 

carbonates

• H2 and CH4 also revealed a slight increase

 Carbonates addition enhanced 
syngas production (CO, H2 and 

CH4)  (c.a 30 %)

 For T = 700 oC not only 
improved syngas production 
but also forced gasification 

process to start earlier 

Source: A brief review of CO2 utilization for alkali carbonate gasification and
biomass/coal co-gasification: Reactivity, products and process, Journal of CO2 utilization

C + CO2 2CO

The physical mechanism of catalytic 
MAC salts gasification represents the 
melting of alkali carbonate catalyst and 
then absorption it on the biomass 
particle



Conclusions

• In the present work the impact of olive kernel thermal treatment on the physicochemical properties and 
CO2 gasification performance of as-produced chars was investigated

• Thermal treatment at 500 oC notably increased FC, porosity and ash content and this enhancement is 
being reflected in the overall gasification performance in terms of syngas production

• During isothermal tests at 700, 800 and 900 oC, CO was the main product with the OK500 sample showing 
superior performance over pristine OK, in terms of syngas production

• H2 and minor quantities of CH4 were also observed in the first stages of both processes  associated to the 
released volatiles, tar thermal cracking reactions and homogeneous gas phase reactions 

• Carbonates addition in the pristine fuel was also beneficial for syngas production due to promotional 
impact of the eutectic carbonates mixture on both pyrolysis and gasification stages



Future research plans
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• Techno-economic evaluation of a combined cycle of PYROLYSIS-GASIFICATION-FUEL CELLS system 
for the exploitation of olive kernel for production of 100 Mwel, using CO2 as gasification agent 
(CO2 recycle from fuel cell operation)
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ABSTRACT 

Today, significant efforts are devoted to decarbonize the energy mix and combat climate change. Thus, 

conventional technologies to generate power from fossil fuels are gradually abandoned and alternative 

energy conversion methods and fuels are proposed. The gasification of biomass by captured CO2 

emissions is an interesting approach, since the derived syngas can be directly used as fuel or as raw 

material to produce chemicals and liquid fuels. The present study aims to explore the effect of olive 

kernel thermal treatment and carbonates addition on fuel on the CO2 gasification performance and syngas 

production of pristine olive kernel, pyrolyzed char at 500 oC and olive kernel-carbonates feedstock 

mixtures. The gasification performance was examined under isothermal (700, 800 oC) conditions and 

batch mode of operation using pure CO2 as gasification agent. The produced syngas consisted mainly of 

CO followed by minor quantities of H2 and CH4. The superior performance of char is attributed to its 

improved textural properties, less ordered structure, higher fixed carbon content and lower volatile 

matter content compared to pristine sample. The carbonates-olive kernel admixtures led to slightly 

enhanced syngas yields compared to bare olive kernel.  

 

INTRODUCTION 

The world primary energy consumption is steadily increasing with an average rate of 1.6% per year. 

Although there is currently an obvious trend to shift to renewables, the global energy mix is still largely 

depending (~85%) on fossil fuels, resulting in increasing carbon emissions. Biomass is a cheap and 

widely-distributed renewable energy source with a neutral carbon footprint. Bioenergy potential in EU 

is estimated to contribute with 140 Mtoe to the Gross Final Energy Consumption in 2020. In particular, 

Greece possesses a high biomass potential (3.5-5 Mtoe), with agricultural residues amounting at 

approximately 70%. Biomass pyrolysis is generally defined as the thermal decomposition of biomass 

organic matrix in absence of oxidizing atmospheres resulting in liquid bio-oil, solid biochar, and non-

condensable gases. Biomass gasification takes place at high temperatures (600 – 1000 oC) and 

atmospheric pressure by employing several gasifying agents (i.e., air, oxygen, steam or CO2), resulting 

in a gas mixture containing mainly H2, CO, CO2, CH4 and traces of light hydrocarbons [1–3]. Bio-syngas 

from biomass gasification, can then be utilized either as fuel in Internal Combustion Engines (ICEs), gas 

turbines or even in high temperature solid oxide and molten carbonate fuel cells or as building block for 

the production of Fischer-Tropsch synthetic liquid fuels and value-added chemicals [4–8]. The scope of 

the present work is to investigate the effect of olive kernel thermal treatment and carbonates addition 

into pristine fuel on the CO2 gasification performance of olive kernel fuels. Olive kernel is a by-product 

of olive oil production, which is an agricultural activity of great importance for the Mediterranean 

countries. 
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EXPERIMENTAL 

Fuel feedstock preparation and biochar production 

In the present study, Olive Kernel (OK) from Cretan olive tree cultures was selected as raw fuel. OK was 

first crushed to a particle size between 1 – 3 mm, using a jaw crusher and then, part of this fraction, was 

milled to 100 – 200 μm using an agate mortar. In the following, 75 gr of the fraction between 1 – 3 mm 

was slowly pyrolized at 500 °C (OK500) under N2 atmosphere (250 cm3/min) at a constant heating rate of 

20 ºC/min to the treatment temperature, which was kept for 1 h.  

 

Fuel samples characterization 

Both raw and thermally treated char fuels were characterized in terms of chemical composition (ultimate 

and proximate analysis, XRF) crystalline structure (XRD), pore structure (BET), surface morphology 

(SEM_EDX) thermogravimetric analysis (TGA), FT-IR and Raman spectroscopy analysis. A close 

relationship between the solid state properties and the gasification reactivity of fuels was disclosed. 

 
Figure 1. Schematic diagram of the experimental setup 

 

Gasification Tests 

Figure 1 shows a schematic illustration of the experimental setup used for the gasification tests. The 

gasification performance of OK and OK500 samples was examined under isothermal (700 and 800 oC) 

conditions using pure CO2 as gasification agent (30 mL/min) and 500 mg of fuel. Upon carbonates (62 

mol% Li2CO3 – 38 mol% K2CO3) addition in the fuel mixture (5:1), pristine OK was first dissolved in 

n-hexane solvent and agitated in an ultrasonic device for 15 min prior to the addition of carbonates. Then 

carbonates were added in the solution, which was stirred at 70 οC for ca. 4 h until n-hexane evaporation. 

Α gas chromatograph equipped with a TCD and FID and two separation columns (Porapack QS and 

Molecular Sieve 13X) was employed to monitor the effluents composition. 

 

RESULTS 

By the ultimate and proximate analysis of OK and OK500 samples it was revealed that the carbon and 

fixed carbon contents increased from 50.2 to 81.9 wt.% and from 13.9 to 74.1 wt.%, respectively, 

whereas the H and O contents decreased from 5.9 to 2.9 wt.% and 40.2 to 8.0 wt.%, respectively. This 

indicates that slow pyrolysis at high temperatures enhances the carbonization degree of char through the 



decomposition of the organic matter in raw material. The content of volatile matter is substantially 

decreased with pyrolysis (75.8 and 15.0 wt.% for the OK and OK500 samples, respectively) implying 

that the remaining organic content in the char is released upon thermal treatment. Mercury porosimetry 

showed that the porosity of OK500 is higher compared to pristine OK, a behavior assigned to the 

formation of a more condensed arrangement of the carbonaceous matter. Finally in the case of Raman 

spectroscopy measurements, the ID/IG ratio of both samples revealed a less ordered structure for OK500.  

 

During CO2 gasification, the produced syngas consisted mainly of CO followed by minor quantities of 

H2 and CH4, attributed to pyrolysis and tar thermal cracking reactions which occurs during the first 

minutes of the process. In Figure 2, the evolution of generated CO in terms of mol% concentration in 

syngas mixture is depicted over time on stream, at 700 oC. It can be clearly identified that the amount of 

CO is substantially higher in the case of OK500 sample, while the addition of carbonates in the OK fuel 

admixture leads to a slight increase in the produced CO. The presence of CO in the first minutes (prior 

to the gasification step) is attributed to the pyrolysis process and tar cracking reactions of carbonaceous 

materials. The time for the pyrolysis step differs from the raw sample to the thermally treated one in line 

with their volatile matter content. The amount of produced CO after the pyrolysis process is attributed 

to the reverse Boudouard Reaction (rBR, C + CO2  2CO). In all cases, the production of CO and all 

other syngas constituents, after the pyrolysis step, are gradually decreased with time on stream due to 

the consumption of fuel.   

 

  

Figure 2. CO concentration (mol %) in syngas for the 

different fuel feedstock mixtures at 700 oC. 

Figure 3. Syngas production under CO2 gasification 

of different fuel feedstock mixtures at 700 oC.       

 

Figure 3 presents the overall syngas production in terms of generated mmoles for CO, H2 and CH4 by 

integrating the corresponding curves of their evolution during the batch experiments until their total 

disappearance. The superior performance of char is attributed to its improved textural properties (higher 

porosity), less ordered structure, higher fixed carbon content and lower volatile matter content compared 

to pristine sample. Carbonates addition led to a slightly enhanced syngas production with a more 

pronounced effect on hydrogen generation. An increase of gasification temperature at 800 oC both 

reduces the time of pyrolysis step and enhances the CO molar fraction in syngas. 

 

 



CONCLUSIONS 

In the present study, the impact of olive kernel thermal treatment and carbonates addition in fuel 

feedstock on the CO2 gasification performance of different OK feedstock mixtures was investigated in 

isothermal experiments under batch mode of operation. The OK500 sample exhibited the optimum 

performance due to its increased carbon and fixed carbon content, porosity and less ordered structure 

compared to pristine OK sample. On the other hand, the addition of carbonates in the feedstock mixture 

only slightly improved the syngas yield giving rise mainly to H2 production. 
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