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Abstract 

In the middle of such a climate crisis, when the battle for reducing emissions is one of 

the big world priorities, waste-to-energy plays a role that must certainly be 

investigated. 

Thanks to waste combustion process, it is possible to recover energy with a limited 

environmental impact. 

This is also possible due to the dual composition of the waste.  

Waste, that represents the fuel, is actually composed of a wide variety of materials and 

substances, but the fundamental distinction this Thesis focuses on is between the fossil 

and the biogenic nature of the waste. 

Biogenic substances are mixtures of organic molecules, recently formed, that didn’t 

involve any kind of fossilization process: in case of combustion the impact is 'carbon-

neutral' since the CO2 emissions from biomass only compensate for the CO2 fixed by 

plants during the photosynthesis process.  

On the other hand, substances with fossil origin, formed in many millions of years, 

release into the atmosphere a fraction of CO2 that is not counterbalanced by the 

vegetation uptake, participating in the increase of greenhouse gas concentration in the 

atmosphere.  

This Thesis aims at analysing the different methods so far known to assess the fossil 

and biogenic matter shares of the waste.  

The analyses are based on the data of two real cases: two waste-to-energy plants 

located in the North of Italy.  

The processing of such data encompasses the comparison amongst the expected 

results from the application of the equations provided by the standards that define the 

aforementioned methods.  

Finally, the influence of various factors on these calculations is assessed, to evaluate 

the reliability of the application of these standards to waste-to-energy plants. 

 

 

Key-words: waste-to-energy, waste, fuel, combustion, emissions, CO2, fossil, biogenic, 

carbon. 
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Abstract in lingua italiana 

In un momento di crisi climatica, in cui la lotta per la riduzione delle emissioni è tra le 

grandi priorità mondiali, la termovalorizzazione svolge un ruolo sicuramente da 

approfondire. 

Grazie al processo di combustione dei rifiuti, è possibile infatti ottenere recupero di 

energia con ridotto impatto ambientale. Questo è possibile anche grazie alla duplice 

natura del rifiuto. 

I rifiuti combustibili sono costituiti da un’ampia varietà di materiali e sostanze, ma la 

distinzione fondamentale su cui si concentra questa Tesi è tra rifiuti di natura fossile e 

di natura biogenica. 

Le sostanze biogeniche sono miscele di molecole organiche, recentemente formate, che 

non hanno subito alcun processo di fossilizzazione: nel caso di combustione l’impatto 

risulta ‘carbon-neutral’ poiché le emissioni di CO2 da biomassa compensano la CO2 

fissata dalla vegetazione durante il processo di fotosintesi. 

Le sostanze di origine fossile al contrario, formate da molti milioni di anni, rilasciano 

in atmosfera una quota di CO2 che non è controbilanciata dall’assorbimento della 

vegetazione, partecipando all’aumento della concentrazione di gas serra in atmosfera. 

Questa Tesi ha lo scopo di analizzare i diversi metodi ad oggi conosciuti per 

distinguere tra materia fossile e biogenica contenuta nei rifiuti. 

L’analisi si basa sui dati di due casi reali: due impianti di termovalorizzazione situati 

nel Nord Italia. Tali dati sono confrontati con i risultati attesi dall’applicazione delle 

equazioni fornite dalle norme che definiscono i sopra menzionati metodi. 

Infine l’influenza di vari fattori su questi calcoli è valutata, al fine di quantificare 

l’affidabilità dell’applicazione delle norme ai termovalorizzatori di rifiuti.  

 

Parole chiave: termovalorizzazione, rifiuti, combustibile, combustione, emissioni, 

CO2, fossile, biogenica, carbonio. 
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Introduction 

Waste to energy plays an important role in a world in desperate need of reducing 

emissions and remedy the always increasing global warming. 

Waste, which till some years ago was considered just as a burden to discard, has now 

assumed the potentiality of being a relevant resource. 

Systems able to recover energy lowering the pollutant emissions with respect to 

conventional plants, are the basis of a society that points to circular economy. Even if 

we are still far from reaching that ideal, some strategies such as waste to energy can 

certainly give a strong contribution. 

Waste management systems today, primarily emphasizes the reduction in waste 

production. Since in big industries this is not happening, some sustainable ways to 

manage waste are necessary. 

The more intuitive and sustainable thing to do with waste is the reuse or recycle: 

unfortunately this is not always possible, and that’s when waste-to-energy plants 

assume relevance. 

Before proceeding with the disposal of waste in landfills, which has no benefits and 

cause different kinds of pollution, it’s important to consider the idea of using waste as 

a fuel in a process of combustion. 

This fuel, with respect to the conventional ones such as coal or natural gas, contains a 

relevant fraction of biogenic material, resulting in a mix of fossil and biogenic matter. 

The biogenic part of the waste will not contribute in the increase of CO2 emissions as 

a greenhouse gas, because the CO2 will be absorbed by the photosynthesis process of 

plants, creating a carbon-neutral cycle. 

This means that waste can be considered partly a bio-fuel, producing biogenic energy. 

The importance of understanding the separation between fossil and biogenic CO2 

emissions relies on the opportunity these plants can give us to obtain energy in a more 

sustainable way. 

Learning this distinction is possible through the application of various methods, that 

will be analysed, trying to understand the advantages and disadvantages of each one. 

The reliability of these methods could be very useful with the aim of characterizing 

real waste-to-energy plants sustainability.   
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At this point, a focus on two Italian plants follows, where the accuracy and reliability 

of the standard methods is verified. 
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1. Chapter one: Waste to energy 

overview 

1.1 Waste to energy technology 

 

Waste-to-energy process consists of the incineration of waste with recovery of the 

generated energy, in the form of heat, steam or electricity. 

The incineration process is based on the direct combustion of waste, which represents 

the fuel, with the utilization of the sensible heat of the flue gases to produce steam and 

to obtain electrical and/or thermal energy. 
 

 
 
 

 
 

 

Figure 1.1: WTE process [31]. 
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An incineration plant with the aim of generating power, also produces gaseous, liquid 

and solid emissions, as show in the scheme below. 

The intention is to transform the waste in reduced impact substances, both for the 

environment and for humans, simultaneously producing useful energy. 

 

 
Figure 1.2: WTE plant: schematic balance. 

 
 
 

A waste-to-energy plant is composed of these main components: a combustion 

chamber, a flue gases purification section and an energy production section. 
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Figure 1.3: WTE plant [32]. 

 

 

The most common combustion technologies for the treatment of municipal waste are 

based on grate combustors and fluidized bed combustors.  

Grate systems consist of a fixed/moving bed made of a thick layer of waste over the 

grate: the passage of combustion air is allowed by the elements arranged to compose 

the grate in a way to permit such a passage. The residence time of waste over the grate 

is usually between 30 and 60 minutes, in order to allow the completion of the 

combustion. Temperature levels are around 1000-1300°C, which are more than 

sufficient if there’s an adequate presence of oxygen and turbulence.  

The fluidized bed combustor consists of a combustion chamber where a certain 

amount of inert material is maintained in suspension by a current of air (which is also 

the oxidizing agent). The movement of inert material favours a good contact between 

fuel and air, resulting is a complete and homogeneous combustion.  

 

The produced flue gases, before their release into the atmosphere, are subject to a 

treatment with the aim of substantially reducing the concentrations of pollutants. The 

flue gases treatment section is very articulated and complex, as a result of the 

increasingly stringent limits imposed by the legislation and a concrete technological 

progress, which has led in recent years to the development of sophisticated systems, 

allowing the respect of very strict emission limit values.  
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The recovery of energy takes place in the form of the production of electrical and / or 

thermal energy, obtained through the use of steam generators. The plant scheme is 

very similar to that typical of thermoelectric power plants, even if the operating 

conditions (pressure, temperature) are much less severe, due to the presence in the flue 

gases of corrosive compounds and dragged ash that can cause corrosion and erosion 

phenomena, as well as the formation of material deposits on the heat exchange walls.  

The steam produced by the combustion of the waste can be used in one of the following 

ways: 

 • direct supply of steam to industrial thermal users or hot/superheated water to civil 

users (heat only);  

• production of electricity by steam expansion in a turbine with condensing cycle 

(electricity only);  

• combined production of electricity and heat (cogeneration). 

 

The energy production efficiency (i.e. the ratio between the amount of useful energy 

produced and the amount of energy contained in the waste, i.e. its calorific value) is 

very variable in the different operating structures.  

Basing on the studies conducted by ATO-R (Associazione d’Ambito Torinese per il 

governo dei rifiuti) and Politecnico of Torino (2009/2010) it was observed that the gross 

energy efficiency can reach a value close to or just over 30% in the “only electric” case, 

and close to 70% in the cogeneration case (about 20% electric and 50% thermal). 

 
 

1.2 Situation in Europe/Italy 

 

A general overview on the generation and treatment of waste in the European Union 

and Italy follows. 

 

EU waste management policies want to reduce the impact of waste, creating a 

recycling society that tries to avoid the production of waste and that makes the 

unavoidable waste a resource to exploit. 

The European Waste Framework Directive of 2008 identifies five priorities for the 

scope: 

• reduction of the quantities of produced waste; 

• maximization of recycling and reuse; 

• limiting the incineration to non-recyclable materials; 
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• progressive elimination of direct waste landfilling by limiting it to non-

recyclable and non-recoverable waste; 

• full implementation of waste policy objectives in all EU Member States. 

A good waste management policy is fundamental in order to achieve these relevant 

objectives.  

 

 

Figure 1.4: Waste management hierarchy [37]. 

 

Prevention and minimization in production of waste is the base of an ideal system that 

aims at reusing and recycling as much as possible (perspective of a circular economy), 

exploiting techniques of energy recovery only when necessarily convenient, and recur 

to disposal in landfills only as the last possible choice. 

Two main categories of treatment of waste are used today: 
 

1. recovery: recycle, backfilling operations or incineration with energy recovery; 

 

2. disposal: landfills, incineration without energy recovery, other forms of 

disposal. 
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The incineration techniques, like any combustion process, obviously involve all the 

problematics connected to the emissions of pollutants into the atmosphere. In 

particular the emissions involve: particulate as one of the main pollutants, 𝑁𝑂𝑥, 

𝐶𝑑, 𝐶𝑂, 𝑃𝑏, 𝐻𝑔, 𝐻𝐶𝑙 𝑎𝑛𝑑 𝑆𝑂2. Moreover, some GHG emissions are present as part of the 

fossil origin CO2 emitted. 

 

Anyway, landfilling has not a minor impact on the pollution. In fact, the disposal of 

waste can lead to: 

- Pollution of subsoil: contaminants contained in waste can infiltrate the subsoil, 

either directly or by rainwater. 

- Pollution of groundwater and surface water: principally caused by the leachate 

of uncontrolled landfill, or by the use of dangerous industrial solvents that 

result very hard to be absorbed by the subsoil (aromatic solvents and 

chlorinated solvents). 

- Atmospheric pollution: caused by different kind of emissions. It can come from 

the emission of volatile components originally contained in the waste, or from 

volatile components that have been formed during the biodegradative 

processes of waste, or also from the formation of compounds due to the union 

of combination of wastes that are incompatible with each other (or incompatible 

with water). 

All these forms of pollution can lead to alterations in the life cycle of animals and plants 

of the concerned areas, causing disorder in the natural ecosystem.  

 

 

According to Eurostat, between 2004 and 2016 in the EU-28 a strong increase of 

recovery over disposal occurred: the volume of recovered waste grew by 28,2 %, from 

960 million tonnes in 2004 to 1.231 million tonnes in 2016; as a result, the fraction of 

recovered waste over total treated waste rose from 45,4 % in 2004 to 53,2 % in 2016.  

The volume of disposed waste decayed from 1.154 million tonnes in 2004 to 1.081 

million tonnes in 2016, a decrease of 6.3 %.  

The portion of disposed waste over total treated waste fell from 54,6 % in 2004 to 46,8 

% in 2016. 
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Figure 1.5: EU Recovery Vs. Disposal [34]. 
 
 

In the EU-28, in 2016, just over half (53,2 %) of waste was treated in recovery 

operations: 

• recycling (37,8 % of total waste treated); 

• backfilling (9,9 %); 

•  energy recovery (5,6 %).  

The remaining 46,8 % was: 

• landfilled (38,8 %); 

•  incinerated without energy recovery (1,0 %); 

•  otherwise disposed (7,0 %).  
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Significant are the differences between EU Member States regarding the use of these 

different treatment methods. For example, some Member States have very high 

recycling rates (Italy and Belgium), while others are stuck to the recourse of landfilling 

(Greece, Bulgaria, Romania, Finland and Sweden).  

The graph below illustrates the more developed methodologies for each country, 

according to Eurostat 2016. 

 

 

 

 
 

Figure 1.6: Overview EU in 2016 [34].  

 

 

The ISPRA Urban Waste Report 2019 and the Utilitalia – ISPRA Waste Energy 

Recovery Report (2019) report the presence, at the end of 2018, of thirty-eight 

municipal waste incinerators on the national territory. 
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In 2019, the plants were thirty-seven (one less than 2018) and the overall amount of 

treated municipal waste was over 5,5 tons: 70,7 % treated in the North, 10,3 % in the 

Centre and 19% in the South. 

The plants are mainly located in the northern regions (26 plants); in Lombardy and 

Emilia-Romagna there are respectively 13 and 8 operating plants. In the Centre and in 

the South, 5 and 6 plants are operational respectively. 

There are different types of waste-to-energy plants: the main differences are related to 

different combustion technologies. The most widespread technology in the world is 

undoubtedly grate technology, and the same happens in Italy where about 80% of the 

thermal waste treatment lines consist of grate plants. 

 

 

 

1.3 Waste definition and classification 

 

Waste is defined, according to Directive 2008/98/EC as “any substance or object that 

the holder discards or intends or is required to discard”. 

Therefore, the term “waste” refers to the so-called “solid waste” to which are also 

added particular types of “liquid waste” (generally concentrated liquids of industrial 

origin) that are transported to disposal plants in ways similar to solid waste (road, rail, 

maritime transport). 

The so defined waste ca be classified into three main categories:  

• Municipal Solid Waste (MSW): the ones that come mainly from homes. In this 

category are also included wastes found in public area or along the roads, waste 

from green areas or from cemetery, industrial or commercial activities, 

provided that they have characteristics similar to MSW or the same 

components. 

 

• Special waste: waste deriving from industrial, artisanal, agricultural and 

commercial activities, waste from excavation activities or from old vehicles or 

from hospitals. 

 

 

http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=CELEX:32008L0098:IT:NOT
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• Hazardous waste: those linked to the potential risk of causing damage to 

human health, in the short or long term, such as pharmaceuticals, medicines, 

biocides and plant protection products, inks, dyes, pigments, paints, varnishes 

and varnishes, mineral oils, photographic laboratory products, used catalytic 

materials, accumulators and electric batteries, insulating products containing 

PCBs and PCTs, spent solvents, etc. 

 

• Solid Recovery Fuel (SRF): a family of special wastes produced by the 

mechanical-biological treatment of municipal and special waste. They are 

classified SRF in accordance with the norm EN 15440, based on their properties. 

 

Other than this first general classification, a more detailed classification has been given 

by EWC (European Waste Catalogue), which lists twenty chapters, below reported. 

Each chapter represent a waste category, and each of them includes a further 

subdivision in more groups, according to the type and the origin of the waste.  

 

EWC WASTE CLASSIFICATION 

01.00.00 
Wastes from the prospection, extraction, treatment and further 

processing of minerals and quarry materials 

02.00.00 
Wastes from food production, treatment and preparation in agriculture, 

horticulture, hunting, fishing and aquaculture 

03.00.00 
Wastes from woodworking and the production of paper, pulp, 

cardboard, panels and furniture 

04.00.00 Wastes from tanning and textile production 

05.00.00 
Wastes from oil refining, natural gas purification and pyrolytic 

treatment of coal 

06.00.00 Wastes from inorganic chemical processes 

07.00.00 Wastes from organic chemical processes 

08.00.00 
Wastes from the production, formulation, supply and use (PFFU) of 

coatings (paints, varnishes and glazes), sealants, and printing inks 
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09.00.00 Waste from the photographic industry 

10.00.00 Inorganic waste from thermal processes 

11.00.00 
Inorganic wastes containing metals from the treatment and coating of 

metals; non-ferrous hydrometallurgy 

12.00.00 Wastes from the processing and surface treatment of metals and plastics 

13.00.00 Waste oils (except edible oils 05 00 00 and 12 00 00) 

14.00.00 
Wastes of organic substances used as solvents (except 07 00 00 and 08 00 

00) 

15.00.00 
Packaging, absorbents; rags, filter materials and protective clothing (not 

otherwise specified) 

16.00.00 Wastes not otherwise specified in the Catalogue 

17.00.00 Construction and demolition waste (including road construction) 

18.00.00 
Medical and veterinary research waste (except catering waste which 

does not derive directly from places of care) 

19.00.00 
Wastes from waste treatment plants, off-site wastewater treatment 

plants and water industries 

20.00.00 
Municipal and similar solid waste from commerce, industry and 

institutions including waste from separate collection 

 

Table 1.1: European Waste Catalogue classification [25]. 

 

The really interesting classification of waste, which is the main focus of the paper, is 

the one between biogenic and fossil matter.  

Fossil matter is represented by plastics, which play an important role in the waste to 

energy process, being able to contribute with a substantial energy content (similar to 

that of fossil fuels) to sustain the combustion process.  

Biogenic waste, on the other hand, is that derived from biomass. 
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The term biomass was defined in different Directives and Decisions but two particular 

definitions are considered appropriate in this context. Biomass was defined as: 

 

i. the biodegradable fraction of products, waste and residues from agriculture 

(including vegetable and animal substances), forestry and related industries, as 

well as the biodegradable fraction of industrial and municipal waste (according 

to Directive 2001/77/EC [39] of the European Parliament and of the Council of 27 

September 2001 on the promotion of electricity produced from renewable energy 

sources in the internal electricity market); 

 

ii. the non-fossilized and biodegradable organic material originating from plants, 

animals and micro-organisms, including products, by-products, residues and 

waste from agriculture, forestry and related (according to Commission Decision 

2007/589/EC [40] of 18 July 2007 establishing guidelines for the monitoring and 

reporting of greenhouse gas emissions pursuant to Directive 2003/87/EC of the 

European Parliament and of the Council). 

 

In short, biomass can be considered as a material of biological origin excluding 

material embedded in geological formations and/or fossilized. 

The term “biomass” does not fully characterize a substance: it rather represents the 

identification of its origin. Waste is formed by a large number of components, that are 

chemically and/or physically transformed numerous times. For this reason, 

information about their origin may vanish or be difficult to be determined, so there are 

inevitably exceptions in the classifications. 

 

Below are reported some Lower Heating Values (LHVs) of various wastes, both fossil 

and biogenic. 

 

TYPE OF WASTE LHV [MJ/kg] 

 Medical waste 19 – 24 

 Industrial & hazardous waste 22 – 40 

 Domestic waste (without recycling) 7 – 16 

 Domestic waste (afther recycling) 10 – 14 
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 PVC 41 

 Dry wood 14,4 

 Paper 13,5 

 Braun carbon 7 – 12 

 Petrol (benzine) 45 – 47 

Coal 15 – 27 

 Diesel 46 

 Ethanol 30 

 

Table 1.2: LHV values [38]. 

 

The distinction between the origins of waste materials underlies the differentiation 

between CO2 emissions. Why is it so important to make this distinction? 

Because a fraction of the CO2 produced by waste combustion, the one derived from 

the fossil part, represents the emission of a greenhouse gas (GHG), with all the related 

consequences.  

The emission of CO2 from the combustion of biogenic matter, on the other hand, does 

not contribute in increasing the concentration of CO2 in the atmosphere: CO2 from 

biomass combustion is the one that was absorbed from the atmosphere during the 

growing of the vegetation (thanks to the photosynthesis process). Basically, the CO2 

produced by combustion is equal to the amount of carbon previously subtracted from 

the biological cycle of plants, so the production of energy from biomass can be 

considered a neutral process from the standpoint of the carbon balance.  

Precisely for this reason, the waste combustion process is environmentally beneficial: 

it reduces the production of greenhouse gases, producing a fraction of energy that can 

be considered GHG-neutral.  

In EU, large combustion plants are, in general, subjected to CO2 emission trading. 

These plants, sometimes, are co-incineration facilities, burning also some SRF. 

As soon as plants have to take part in CO2 emission trading, it is important to 

distinguish between biogenic and fossil shares of the emitted CO2, since biogenic 
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emissions are credited as climate-neutral and are therefore not subjected to CO2 

emission trading. 

This is the main aspect on which this Thesis focuses. 

 

 

Figure 1.7: Carbon biogenic and fossil cycle [9]. 

 

 

Different methods are used to understand the breakdown between fossil and biogenic 

CO2 emissions: these are currently defined by international standards.  

Chapter 2 is devoted to present and discuss these methods, whereas the following 

chapters consider two real cases: they are analyzed and compared with the theory 

underlying the existing norms. 
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2. Chapter two: Methods to determine 

biogenic emissions 

We will discuss five methods to determine the shares (biogenic and fossil) of CO2 

emissions from combustion process of Solid Recovered Fuel (SRF, which is the fuel 

originated by municipal and special wastes): 

1. The 14C Content Method (instrumental method applied to solid waste) 

2. The Selective Dissolution Method (wet chemical method applied to solid 

waste) 

3. The Manual Sorting Method (applied to solid waste) 

4. The Balance Method (applied to operating data of WTE plants) 

5. Waste Sampling in Continuous (applied to flue gas of WTE plants; still not 

standardized). 

The biogenic and fossil shares ca be given in three different forms: 

a) as massive content over the total waste mass; 

b) as carbon share of the total carbon involved; 

c) as energetic content. 

The massive content of fossil and biogenic shares is determined considering that waste 

mass is formed by: inert materials, moisture, fossil matter and biogenic substances. 

Considering the waste on a dry and ash-free basis, the following formulas apply: 

 

𝑚𝑤𝑎𝑠𝑡𝑒,𝑑𝑟𝑦,𝑎𝑠ℎ−𝑓𝑟𝑒𝑒 = 𝑚𝑓𝑜𝑠𝑠𝑖𝑙 + 𝑚𝑏𝑖𝑜 (2.1) 

 

%𝑚𝑏𝑖𝑜 =
𝑚𝑏𝑖𝑜

𝑚𝑓𝑜𝑠𝑠𝑖𝑙 + 𝑚𝑏𝑖𝑜
 

 

(2.2) 

 

%𝑚𝑓𝑜𝑠𝑠𝑖𝑙 =
𝑚𝑓𝑜𝑠𝑠𝑖𝑙

𝑚𝑓𝑜𝑠𝑠𝑖𝑙 + 𝑚𝑏𝑖𝑜
 

 

(2.3) 

 

Once the massive distinction is obtained, the energy contribution given by each of 

them is obtainable considering a lower heating value fer each kind of fraction, that can 

be determined as described in norm EN ISO 21654 [31]. 
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𝐸𝑏𝑖𝑜 = (𝑚𝑤𝑎𝑠𝑡𝑒,𝑑𝑟𝑦,𝑎𝑠ℎ−𝑓𝑟𝑒𝑒 ∗ %𝑚𝑏𝑖𝑜) ∗ 𝐿𝐻𝑉𝑏𝑖𝑜 (2.4) 

 

𝐸𝑓𝑜𝑠𝑠𝑖𝑙 = (𝑚𝑤𝑎𝑠𝑡𝑒,𝑑𝑟𝑦,𝑎𝑠ℎ−𝑓𝑟𝑒𝑒 ∗ %𝑚𝑓𝑜𝑠𝑠𝑖𝑙) ∗ 𝐿𝐻𝑉𝑓𝑜𝑠𝑠𝑖𝑙 

 

(2.5)

 

The percentage of biogenic and fossil carbon over total input carbon (TC) are 

calculated through the 14C method (measuring the radioactive decay) or through the 

Selective Dissolution method (evaluating the disintegration per minute), as will be 

explained respectively in Paragraphs 2.1 and 2.2. 

Knowing the fractions of biogenic and fossil carbon, we can distinguish between 

biogenic and fossil emitted CO2. 

𝐶𝑂2𝑏𝑖𝑜
= 𝑇𝐶 ∗ %𝐶𝑏𝑖𝑜 ∗

𝑀𝑀𝐶𝑂2

𝑀𝑀𝐶
 

(2.6) 

 

𝐶𝑂2𝑓𝑜𝑠𝑠𝑖𝑙
= 𝑇𝐶 ∗ %𝐶𝑓𝑜𝑠𝑠𝑖𝑙 ∗

𝑀𝑀𝐶𝑂2

𝑀𝑀𝐶
 

 

(2.7) 

 

 

2.1 14C method 

 

This method to determine the biogenic and fossil carbon fractions was developed at 

the Institute for Sustainable Waste Management and Technology at the University of 

Leoben, it has been investigated since 1950, in various research fields.  

It allows to directly calculate the percentage of biogenic carbon over the total carbon 

content. The fraction of biomass content by mass and the fraction of biomass by energy 

content are calculated from the carbon content of biomass, using the relations above 

reported. 

The principle this method is based on is that biogenic and fossil carbon sources have 

very different 14C values. Fossil carbon sources (like natural gas, coal, mineral oil and 

its products) do not contain the radioactive isotope 14C anymore, due to their age 

(millions of years). Instead, recent (< 200 years) biogenic carbon sources, like biomass, 

present a measurable share of 14C, that, net of the natural radioactive decay, equals the 

average 14C share in the atmosphere at the time the biomass developed. 

For this reason, the amount of biogenic carbon in the Solid recovered fuel (SRF) is 

proportional to the 14C content.  
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14C develops in the atmosphere as interaction of cosmic radiation and the existing 

nitrogen. The radioactive atoms of 14C are quickly oxidized to carbon dioxide (CO2) in 

the terrestrial atmosphere. Via the carbon cycle, the 14C atom is transported to living 

organisms. As long as the organisms are alive, there will be a 14C equilibrium between 

the organisms and the atmosphere. After life ends the 14C concentration in the 

organisms decreases according to the radioactive decay. 

The unit of measurement for 14C is pmC (percent modern carbon), which is, according 

to norm EN ISO 13833 [4], the normalized and standardized value for the amount of 

the 14C isotope in a sample, calculated relative to the standardized and normalized 14C 

isotope amount of oxalic acid standard reference material, SRM 4990c (the trade name 

of a product supplied by the US National Institute of Standards and Technology.) 

The 14C value depends on when the biomass has been formed.  In the last century, since 

1950, due to the big increase of combustion of fossil fuels, a decreasing trend of 14C 

values in atmosphere was observed. However, the most significant changes in these 

values were noticed around the 1960s, when the nuclear bomb tests were made on the 

earth’s surface: this brought to double the 14C content within five years, reaching the 

value of 200 pmC in 1962.  When, in 1963, the nuclear tests stopped, the value of 

atmospheric 14C started decreasing again, reaching the value of 109 pmC in 2015, as 

represented in Figure 2.3. 

 

 

Figure 2.1: 14C atmospheric levels. [35] 
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The following diagrams, taken from EN ISO 21644 [5], show the evolution of pmC 

value over the years for SRF produced mainly from urban waste (in Figure 2.2) and for 

biogenic substances, such as paper (Figure 2.3). 

 

 

 

Figure 2.2: SRF pmC values during 2008-2015. [5]  
 

 

 

Figure 2.3: pmC values for paper and cardboard. [5] 
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According to this method, a combustion is used to convert the carbon in the analyzed 

substance into CO2. The combustion of a sample, made following the requirements 

indicated by the norm ISO 21645 (2021) [6], can be carried out in accordance with three 

different procedures: 

• combustion in a calorimetric bomb; 

• combustion in a tube furnace; 

• combustion in a laboratory scale combustion apparatus (still not validated). 

 

The reagents involved are: 

 

• CO2 absorber for LSC (methoxypropylamine or equivalent); 

• Universal LSC cocktail for aqueous and non-aqueous sample; 

• 2 to 4 mol l−1 KOH or NaOH absorption liquid. 

 

SRF is considered as a heterogeneous material, the minimum sample amount to be 

used for 14C method is a quantity between 0.4 and 2.0 g of the material with a nominal 

top size of 1 mm or less, depending on the device used for combustion (bomb, 

combustion tube furnace or elemental analyzer), or the quantity indicated by the 

manufacturer in the case of use of a laboratory scale combustion apparatus. 

After combustion and flue gases absorption, measurements are carried out according 

to two possible methods: 

•  PMS = Proportional Scintillation Method (indirect determination). 

•  AMS = Accelerated Mass Spectrometry (direct determination). 

 

2.1.1 Proportional Scintillation Method (PSM) 

 

PSM method, also called Liquid Scintillation Counter method, indirectly determines 

the value of the content of 14C isotope, through its emissions of beta particles, which 

are the particles emitted during radioactive decay of 14C. The CO2 formed by the 

combustion of SRF is trapped in a carbamate solution. This solution is mixed with the 

organic solution containing the scintillation molecules and the 14C activity of this 

mixture is measured in a Proportional Liquid Scintillation Counter. 

Starting with the combustion of SFR, the CO2 produced is trapped into an absorption 

flask loaded with an absorption solution. During absorption the flask is cooled to 
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remove the heat of the exothermic carbamate formation reaction, and then, the sample 

gas is collected from a duct or a bag. The sample has to be dried and its concentration 

of CO2 has to be known or measured. After the absorption, the absorbent is moved to 

the measuring vial, where an equal volume of the scintillation liquid is added. 

Aromatic organic solvents have proven to be the best solvents for liquid scintillation 

counting, due to the high electron density, which provides a target for β-interaction, 

capturing the energy of the nuclear decay.  

Then measurements on this homogeneous mixture are made: the vial is placed into the 

Proportional Scintillation Counter, where a liquid chemical medium is capable of 

converting the kinetic energy of nuclear emissions into light energy. After excitation 

of the aromatic solvent molecules through the energy released from the radioactive 

decay, the energy, transferred to the scintillator and absorbed through the scintillators, 

produces excited states of the electrons, which decay to the ground state and produce 

a light pulse characteristic for the scintillator. The light is detected by the 

photomultiplier tube (PMT) of the liquid scintillation counter. 

The counting cycles last usually around 30 minutes, for a total of counting times 

around 6-24 h. The final DPM (disintegrations per minute) represents the mean value 

of the single results from every cycle.  

DPM is defined as the measure of radioactivity: it represents the number of atoms in a 

given quantity of radioactive material that decay in one minute. 

The total error of these measurements is caused by the combination of the analytical 

errors and the errors given by the determination of the “background” sample 

(representing 0% of biomass, used to obtain the background level, in DPM, for the 

whole system). 

After the final counts of each sample are collected, they are compared with the activity 

of the reference standard (𝐷𝑃𝑀𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑) of Oxalic acid SRM or other suitable reference 

materials. 

The percentage of biogenic carbon content can be obtained relating the counted DPM 

and the reference value of percent modern carbon: 

 

%𝐶𝑏𝑖𝑜 =
𝐷𝑃𝑀𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝐷𝑃𝑀𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 ∗
𝑝𝑚𝐶𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

100 ∗ 𝑚𝑠𝑎𝑚𝑝𝑙𝑒,𝑑𝑟𝑦−𝑎𝑖𝑟

 
(2.1.1) 

 

 

And the percentage of biogenic carbon mass, over the total carbon mass, is so 

calculated: 
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%𝑤𝑏𝑖𝑜 =
%𝐶𝑏𝑖𝑜

%𝐶𝑇𝐶
 

(2.1.2) 

 

The value of 𝑝𝑚𝐶𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 is calculated according to the method detailed in J. Mohn’s 

publication (2008) [30]: the determination of the reference value of pmC is based on 

the dry mass distribution of each of the biogenic waste fractions and their carbon 

content. 

Several parameters are considered in order to establish the reference pmC: 

- The contribution of the main biogenic waste fractions: putrescible, paper and 

cardboard, defined as Residual Household Waste (RHW); 

- A reference pmC assigned to each biogenic waste fraction from the J. Mohn’s 

publication (2008) [30]; 

- The amount of total carbon, variable according to the category of biogenic waste 

(Residual Household Waste (RHW) 2007 national characterization campaign [41]).  

 

Taking into account these parameters, the formula used is: 

 

𝑝𝑚𝐶𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒,𝑅𝐻𝑊 

=  (𝛼𝑏𝑖𝑜𝑔𝑒𝑛𝑖𝑐) ∗  (𝐶𝑎𝑟𝑏𝑜𝑛 𝐶𝑜𝑛𝑡𝑒𝑛𝑡𝑏𝑏𝑖𝑜𝑔𝑒𝑛𝑖𝑐 )  ∗  𝑝𝑚𝐶𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒,𝑏𝑖𝑜𝑔𝑒𝑛𝑖𝑐 (2.1.3) 

 

 

where: 
 

  

- 𝛼𝑏𝑖𝑜𝑔𝑒𝑛𝑖𝑐 is the relative dry distribution of each RHW biogenic fraction; 

- 𝐶𝑎𝑟𝑏𝑜𝑛 𝐶𝑜𝑛𝑡𝑒𝑛𝑡𝑏𝑏𝑖𝑜𝑔𝑒𝑛𝑖𝑐  is the quantity of carbon in each RHW biogenic fraction;  

- 𝑝𝑚𝐶𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒,𝑏𝑖𝑜𝑔𝑒𝑛𝑖𝑐 is the reference pmC for each RHW biogenic fraction;  

- 𝑝𝑚𝐶𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒,𝑅𝐻𝑊 is the average reference pmC for RHW. 
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Dry waste 

Distribution 

(2007 RHW 

national 

characterizatio

n campaign) 

Carbon content 

(2007 RHW 

national 

characterization 

campaign) 

pmC 

(2008) 

pmC 

(2018) 

pmC 

(2019) 

pmC 

(2020) 

Putrescible 21,44 % 45,81 % 104,9 101,9 101,6 101,3 

Paper 12,30 % 36,58 % 115,3 110,3 109,5 109 

Cardboard 6,68 % 39,36 % 115,3 110,3 109,5 109 

NC Fuel 3,12 % 48,37 % 115 110 109,5 109 

Composite 

material 
2,21 % 41,75 % 115 110 109,5 109 

Other: non 

biomass 

share 

54,25 % 38,07 %     

 

Average 

reference pmC 

calculation 

 109,6 105,65 105,26 104,87 

 

Table 2.1: Reference pmC determination [30]. 

 

The rule used to update the pmC reference values is: 

- A decrease of 0,3 pmC per year applied for atmospheric CO2; 

- A decrease of 0,5 pmC per year applied for wood waste, because of the faster 

decay form wood. 

 

According to ISO 13 833 [4], we can consider that for RHW (Residual Household 

Waste): 

 

- the 2018 reference pmC value is 105,65; 

- the 2019 reference pmC value is 105,26; 

- the 2020 reference pmC value is 104,87. 
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Figure 2.4:  Estimation of pmC future development. 

 

Once the reference pmC value has been established taking into account the mentioned 

above factors, the biogenic fraction of CO2 can be so calculated: 

 

% 𝐵𝑖𝑜𝑔𝑒𝑛𝑖𝑐 𝐶𝑂2 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 =
𝐿𝑎𝑏𝑜𝑟𝑎𝑡𝑜𝑟𝑦 𝑟𝑒𝑠𝑢𝑙𝑡 𝑠𝑎𝑚𝑝𝑙𝑒 𝐶−14 [𝑝𝑚𝐶]

𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑝𝑚𝐶 [𝑝𝑚𝐶]
 𝑥 100  (2.1.4)   

 

 

2.1.2 Accelerated Mass Spectrometry (AMS) 

 

With this method, the 14C, and so the modern fraction of carbon, is directly detected. 

The total carbon content instead, has to be determined separately. 

After combustion, the carbonate solution obtained is moved to a bottle, where it is 

degassed, removing dissolved N2 and O2 from air. Then, using a trap filled with 

acetone and dry ice, waster steam is also removed.  

The formed CO2 is transferred to the graphitizing rig system: here an iron catalyst 

helps the conversion of the gas into graphite according to the reactions:
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{
𝐶𝑂2 + 𝐻2 → 𝐻2𝑂 + 𝐶𝑂

𝐶𝑂 + 𝐻2 → 𝐻2𝑂 + 𝐶
 

 

(2.1.5) 

 

To ensure the complete reduction to graphite, the water produced by the reactions is 

removed. The graphite is pressed into a target loaded into the AMS (Accelerated Mass 

Spectrometry). A high current beam of Caesium ions Cs+ is directed on the target, 

causing the liberation of atoms negatively charged. The negative C-ion beam is then 

directed to the recombinator, where a series of charged collectors can remove the non-

carbon ions and also separate the three carbon isotopes 12C 1C3 and 14C.  The ions are 

accelerated in an electric field, deflected in a magnetic field and finally detected 

through an ion detector, calculating so the isotope abundance of these ions.   

AMS allows a great sensitivity and selectivity: it’s able to accelerate ions and to form 

Cn+ ions (n= from 1 to 4) that can enter in the spectrometer, excluding other species. 

With AMS the amount of 14C atoms is measured relative to the amount of (one of) the 

more abundant carbon isotopes 12C and/or 13C. This measured 14C/12C or 14C/13C ratio is 

calculated relative to the measured isotope ratio in a reference material with 

standardized 14C amount, to obtain standardized and normalized 14C content (in pmC) 

for each sample. 

As the ratio of 14C/12C has decreased over years in accordance with the historical 

evolution, a correction for isotopic distribution has to eventually be done. 

The standardized and normalized 14C content is given by the reference pmC, obtained 

from SFR values that can vary depending on a regional and a temporal base. Anyway, 

according to the norm EN ISO 21644 (2021) [5] the reference values that can be used in 

order to well applicate the standards are: 

o 101 pmC for fresh biomass; 

o 107 pmC for Solid Recovery fuel. 
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2.2 Selective Dissolution Method (SDM) 

 

The basic principle of this method is that biomass can be dissolved significantly more 

quickly than non-biomass under certain conditions. 

The determination of the biomass content is based on the property of biomass that it 

can be dissolved in a sulphuric acid / hydrogen peroxide mixture. 

Biomass content, using selective dissolution, can be directly calculated and expressed 

in percent by: 

 

i. Content of biogenic material (i.e. biomass) as mass share; 

ii. Content of biogenic carbon as share of the overall carbon content; 

iii. Biogenic energy content as share of the LHV of the dry matter. 

 

In order to successfully apply this method, the minimum sample amount to be used 

for each test shall be at least 5 g of the material with a nominal top size of 1 mm or less. 

 

 

2.2.1 SDM in percent by mass 

 

Two test portions are prepared (A & B) and their mass is recorded. The ash content of 

the test ‘A’ is determined (according to ISO 21656 [42]) on dry basis and it is indicated 

as ASRF.  The test ‘B’ is weighted, after being dried and cooled and put in an empty 500 

ml flask, and the mass of Solid Recovery Fuel is recorded (𝑚𝑆𝑅𝐹). Then, 150 ml of 78% 

H2SO4 is added to the flask and mixed.   

16h ± 2h is the first necessary period of waiting, then others 30 ml of 35% H2O2 are 

added and other 5h ± 1h are waited.  

The test ‘B’ is diluted with demineralized water and filtrated over a glass fiber filter. 

The residue is rinsed with demineralized water in order to remove the sulfuric acid 

and then it’s dried with the filter until a constant mass is reached and measured 

(𝑚𝑟𝑒𝑠𝑖𝑑𝑢𝑒). 

According to ISO 21656 [42] the ash content of the solid residue also is determined 

(𝑚𝑟𝑒𝑠𝑖𝑑𝑢𝑒−𝑎𝑠ℎ). 
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Now it’s possible to determine the biomass content expressed as a percentage by mass 

(𝑤𝐵) with the formula: 

 

𝑤𝐵 = [1 − {
𝑚𝑟𝑒𝑠𝑖𝑑𝑢𝑒−𝑚𝑟𝑒𝑠𝑖𝑑𝑢𝑒−𝑎𝑠ℎ

𝑚𝑆𝑅𝐹
+  

𝐴𝑆𝐹𝑅

100
}] x100 (2.2.1)    

And consequently, the non-biomass content: 

 

𝑤𝑁𝐵 = 100 − 𝑤𝐵 − 𝐴𝑆𝐹𝑅 (2.2.2)

 

2.2.2 SDM in percent by calorific value 

 

This kind of expression requires two procedures: 

1. Determination of calorific value of biomass & non-biomass fraction 

2.  Calculation of the biomass content by energy content. 

 

According to ISO 21654 [33] and ISO 21645 [6] the sample is prepared, and the calorific 

value and the ash content are determined according to ISO 21654 [33] and ISO 21656 

[42]. 

Using the same procedure already described above, we produce a sufficient amount 

of residue (> 1 g), measuring its ash content (𝐴𝑟𝑒𝑠𝑖𝑑𝑢𝑒 ) and its calorific value (𝑞𝑟𝑒𝑠𝑖𝑑𝑢𝑒). 

Once this information is achieved we can use the following formulas to calculate: 

 

➢ 𝑞𝑁𝐵 (calorific value of non-biomass fraction on a dry and ash-free basis) 

[MJ/kg]: 

 

𝑞𝑁𝐵,(𝑑𝑎𝑓) =
𝑞𝑟𝑒𝑠𝑖𝑑𝑢𝑒

1−𝐴𝑟𝑒𝑠𝑖𝑑𝑢𝑒/100
 (2.2.3) 
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• 𝑞𝐵 (calorific value of biomass fraction on a dry and ash-free basis) [MJ/kg]: 

 

𝑞𝐵,(𝑑𝑎𝑓)= 
𝑞𝑆𝑅𝐹,(𝑑𝑎𝑓)−(

𝑊𝑁𝐵
100

)∗𝑞𝑁𝐵,(𝑑𝑎𝑓)

1−
𝑊𝑁𝐵,𝑑𝑎𝑓

100
−𝐴𝑆𝑅𝐹,𝑑/100

 
(2.2.4) 

 
Where 𝑤𝐵 is the biomass content expressed as a percentage by mass, as seen before, 

and 𝑤𝑁𝐵 is the non-biomass share. 

Finally, we can calculate the biomass content expressed as percentage by calorific 

value: 

 

𝑤𝐵,𝑐𝑎𝑙 =
𝑤𝐵∗𝑞𝐵

𝑞𝑆𝑅𝐹
 

 

(2.2.5) 

 

And the non-biomass content expressed as percentage by calorific value as the 

difference: 

 

𝑤𝑁𝐵,𝑐𝑎𝑙 = 100- 𝑤𝐵,𝑐𝑎𝑙 (2.2.6) 

 

 

 

 

2.2.3 SDM in percent by carbon content 

 

In order to develop the results by carbon content it’s necessary to prepare four 

samples: 

- Samples A & B, at least 5 grams each 

- Samples C & D, defined according to ISO 21663. 

 

Once they are all set, the biomass and non-biomass content expresses as percentage by 

mass of the first samples (A & B) are determined following always the same procedure, 

and then also the ash content and the residue are calculated. 

At this point the ash content must be considered: 
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A table reporting the performance of SDM method on biomass and non-biomass 

materials is reported in Annex A. 

 

2.3 Manual sorting method 

 

With this method, the content of biomass (measured as a percentage by mass) is 

obtained thanks to the manual separation of components, divided in (mostly) biomass 

fractions and (mostly) non-biomass fractions. 

With respect to the Selective Dissolution method, only the mass content of biomass can 

be determined, the percentage of biogenic carbon and the fraction of biogenic energy 

content are indirectly derived. 

(2.2.7) 

(2.2.8) 
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The necessary requirement for this method is having particle size bigger than 10 mm 

and/or SFR not pelletized. 

Defining “Msort” the sample of SRF sorted by hand into sub-fractions, the sample is 

prepared respecting the norm ISO 21645 [6]: all the fractions larger than 10 mm of the 

sample are categorized.   

All fractions are dried until a constant mass condition is reached, and then they are 

cooled down in a desiccator. The dry fraction obtained is weighted and categorized 

between: 

{
𝑏𝑖𝑜𝑚𝑎𝑠𝑠

𝑛𝑜𝑛 − 𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝑖𝑛𝑒𝑟𝑡

 

 

 

Considering that:      𝑥𝑖
𝐵  is the biogenic fraction in terms of mass  

𝑥𝑖
𝑁𝐵  is the non-biomass fraction 

 

the biomass and non-biomass contents expressed as percentage by mass can be 

calculated with the formulas: 

 

➢ 𝑤𝐵 = {
∑ 𝑥𝑖

𝐵𝑛
𝑖

𝑛
}   (biomass content in percent by mass) 

(2.3.1) 

 

 

➢ 𝑤𝑁𝐵  = {
∑ 𝑥𝑖

𝑁𝐵𝑛
𝑖

𝑛
}   (non-biomass content in percent by mass) 

(2.3.2) 

  

➢ 𝑤𝐼𝑁  = 100-𝑤𝐵−𝑤𝑁𝐵   (inert content as percentage by mass) (2.3.3) 

 

In Table 2.2 below, the list of possible fractions: each one can be divided in more sub-

fractions, as reported in Table 2.3, according to norm ISO 21644 (2021) [5]. 
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Fraction Fraction characterized as 

Category assigned for the 

determination of biomass, 

non-biomass or inert 

content 

Biological Waste Biomass fraction Biomass 

Paper/ cardboard Biomass fraction Biomass 

Wood Biomass fraction Biomass 

Tissue Biomass fraction Biomass 

Fabric 
Mixed fraction containing 

mostly biomass 

To be determined by 

another method 

Leather 
Fraction containing mostly 

biomass 
Biomass 

Natural rubber  
To be determined by 

another method 

Glass 

Inert fraction containing 

mostly contaminations of 

biomass 

Inert 

Stone 

Inert fraction containing 

mostly contaminations of 

biomass 

Inert 

Fines 
Fraction with a normal top 

size less than 10 mm 

To be determined by 

another method 

Plastic Non-biomass fraction 
To be determined by 

another method 

Rugs/carpets/mats 
Mixed fraction containing 

mostly non-biomass 
Non-biomass 
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Iron 

Inert fraction containing 

mostly contaminations of 

non-biomass 

Inert 

Non ferrous metals 

Inert fraction containing 

mostly contaminations of 

non-biomass 

Inert 

 

Table 2.2: Categorization of fractions [5]. 

 

 

Examples of components/sub-fractions 

Wood - waste wood 

- sawdust 

- waste wood from gardens 

- mats 

Tissue - diaper 

- tissues 

- tampons, napkins 

- toilet paper 

Fabric - any (remain of) cloths other than 

leather and/or metal 

Leather - leather and similar materials 

Rubber - any kind of rubber including used 

tyres 

Glass - bottles 

- glasses 

- shards 

Stone - stones 

- pottery (remains) 



34 

 

 

Fines - any material smaller than 10 mm 

Plastic - soft plastic 

- plastic bags 

- plastic packaging material 

- plastic cups 

- PE, PP, Polystyrene 

- rigid plastic 

- PET(-bottles) 

- PVC(-tubes) 

- polyester 

Rugs/Carpet - rugs 

- carpets 

Iron - any particle (mostly) made of iron 

or steel 

Non-ferrous metals - copper/zinc/lead tubing 

- aluminium cans 

- (electrical) wires 

- Strip (of medicines or candy) 

NOTE: Some plastic can be made by degradable product (e.g. plastic bags) 

 

Table 2.3: Components and sub-fractions list [5]. 
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2.4 Balance method 

 

The Balance method, one of the most recently studied, was simultaneously developed 

by two research groups and implemented in two software:  

- BIOMA, developed by a team from Wien University (2006) 

- OBAMA, developed by the Italian society RSE Spa (Ricerca sul Sitema 

Energetico). 

It was created as a measurement device for the managers of WTE plants, allowing to 

determine the biomass content in mixed wastes, combining the measured operating 

data of the incineration plant with standard data on the chemical composition of 

biogenic and fossil organic matter. Thanks to these data and six balance equations, it’s 

possible to determine the content of fossil organic carbon in waste, the energy content 

of the biomass and the amount of biogenic and fossil CO2 emissions. The main 

advantage of the method is that it’s easily applicable and it presents low costs: this is 

because part of the data is available from literature, and the others come from the 

sensors already installed in the system.  The literature data are elementary chemical 

compositions coming as the result of statistical surveys carried out on different 

samples of wastes, from various plants in Europe, which bring a certain standard 

deviation; the real data instead bring a certain measurement or instrumental 

uncertainties, as well as even systematic errors.   

 

The set of equations consists of five mass balances and one energy balance, in 

particular: 

 

1. Overall mass balance; 

2. Ash balance; 

3. Carbon balance; 

4. Energy balance; 

5. Balance of O2-consumption; 

6. Balance of the difference between O2-consumption and CO2-production. 
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                Figure 2.5: Waste components [12]. 

 

As represented in Figure 2.5, approximately 50% of RHW mass is typically constituted 

by inert material and moisture (20 % given by inert materials, 30% from moisture). 

This method allows to get to know the % of these components of the total mass. 

 

The equations composing the Balance method are: 

 

1. Mass balance: the total mass is given by the sum of the four basic components 

(fossil, biogenic, inert and water). 

 

𝑚̇I+𝑚̇B + 𝑚̇F + 𝑚̇W = 1 (2.4.1) 

   

2. Ash balance: the mass of inert (inorganic) materials represents the ash content of 

the waste and it can be calculated dividing the measured mass of solid residue by 

the mass of the total waste in input. 

It was also verified that mass losses or increases of inorganic matter due to, e.g., 

the decomposition of lime (𝐶𝑎𝐶𝑂3 →𝐶𝑎𝑂 + 𝐶𝑂2) or the oxidation of metals (4𝐴𝑙 +

 3𝑂2 →  2𝐴𝑙2𝑂3), are negligible for the ash balance, in cases where typical 

municipal solid waste is incinerated. 

 

𝑚̇𝐼 = 𝛼𝑤𝑎𝑠𝑡𝑒 =
∑ 𝑀̇𝑠𝑜𝑙𝑖𝑑 𝑟𝑒𝑠𝑖𝑑𝑢𝑒𝑠

𝑀̇𝑤𝑎𝑠𝑡𝑒

 
(2.4.2) 

This is the representation of the waste 

splitted in its components where: 

I= inert; W= water; F= fossil; B=biogenic 

 

Biogenic and fossil parts are considered 

moisture- and ash-free organic matter.  

Inert materials include all incombustible 

solid residues such as glass, stones, ash or 

other inorganic matter from biowastes 

and plastics. 
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3. Carbon balance: the total content of organic carbon in the waste, derived from 

operating data of the plant, is equal to the sum of the fossil and biogenic carbon 

content. The atmospheric content of CO2 in combustion air is taken into account 

in the following equation. 

The mass flow of carbon connected to emissions of CO and hydrocarbons is 

neglected, since its contribution is less than 0,07% over the total mass flow 

(according to EU directive 2000/76/EC on waste incineration). 
 
 
𝑚̇𝐵 ∗ 𝐶𝑏 + 𝑚̇𝑓 ∗ 𝐶𝑓 = 𝐶𝑤𝑎𝑠𝑡𝑒

=

(𝑉̇𝑓𝑙𝑢𝑒 𝑔𝑎𝑠 ∗ (𝐶𝑂2𝑓𝑔
−

100 − 𝑂2𝑓𝑔
− 𝐶𝑂2𝑓𝑔

100 − 𝑂2𝑎𝑖𝑟
− 𝐶𝑂2𝑎𝑖𝑟

∗ 𝐶𝑂2𝑎𝑖𝑟
) ∗

1
100 ∗

𝑀𝐶

𝑉𝑚

𝑀̇𝑤𝑎𝑠𝑡𝑒

 

(2.4.3) 

 

• 𝑉̇𝑓𝑙𝑢𝑒 𝑔𝑎𝑠 = flue gases volume flow; 

• 𝐶𝑏, 𝐶𝑓 = carbon percentage respectively in biogenic and fossil shares; 

• 𝑚̇𝐵 =biogenic mass fraction; 

• 𝑚̇𝑓 =fossil mass fraction; 

• 𝐶𝑤𝑎𝑠𝑡𝑒 = Carbon content in waste; 

• 𝐶𝑂2𝑓𝑔, 𝐶𝑂2𝑎𝑖𝑟 = CO2 content in flue gases and in the air; 

• 𝑂2𝑓𝑔, 𝑂2𝑎𝑖𝑟 = O2 content in flues gas and in the air; 

• 𝑀̇𝑤𝑎𝑠𝑡𝑒 =input mass flow rate of waste; 

• 𝑀𝐶 =molecular mass of Carbon (12 kg/kmol). 

 

4. Energy balance: different approximation formulas can be applied in order to 

calculate the specific calorific value 𝐻𝑤𝑎𝑠𝑡𝑒.  

Here Boie’s formula was applied, since it resulted to be the most accurate: it 

considers the elementary contents of C, H, O, N, S both in biogenic and fossil 

fractions, as well as the water contribution. 

 

𝑚̇𝐵 ∗ (34,8 ∗ 𝐶𝑏 + 93,9 ∗ 𝐻𝑏 − 10,8 ∗ 𝑂𝑏 + 6,3 ∗ 𝑁𝑏 + 10,5 ∗ 𝑆𝑏) + 𝑚̇𝑓

∗ (34,8 ∗ 𝐶𝑓 + 93,9 ∗ 𝐻𝑓 − 10,8 ∗ 𝑂𝑓 + 6,3 ∗ 𝑁𝑓 + 10,5 ∗ 𝑆𝑓)

+ 𝑚̇𝑊 ∗ (−2,45) = 𝐻𝑤𝑎𝑠𝑡𝑒 =  
𝑆̇ ∗ ∆ℎ

𝑀̇𝑤𝑎𝑠𝑡𝑒 ∗ 𝜂
 

(2.4.4) 
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• 𝑆̇ = steam production; 

• ∆ℎ = net enthalpy of steam cycle; 

• 𝑀̇𝑤𝑎𝑠𝑡𝑒 =mass flow rate of waste input; 

• 𝜂 =boiler efficiency; 

 

5. O2 consumption balance: the consumption of oxygen during combustion is 

equal to the amount of oxygen that is no longer present in the flue gases. The 

volume difference between flue gases and combustion air is also taken into 

account.  

𝑚̇𝐵 ∗ (
𝐶𝑏

𝑀𝐶
+

𝐻𝑏

4∗𝑀𝐻
+

𝑂𝑏

2∗𝑀𝑂
+

𝑆𝑏

𝑀𝑆
) ∗ 103 + 𝑚̇𝑓 ∗ (

𝐶𝑓

𝑀𝐶
+

𝐻𝑓

4∗𝑀𝐻
+

𝑂𝑓

2∗𝑀𝑂
+

𝑆𝑓

𝑀𝑆
) ∗

103=𝑂2𝑐𝑜𝑛𝑠𝑢𝑚

103∗𝑉̇𝑓𝑙𝑢𝑒 𝑔𝑎𝑠∗(𝐶𝑂2𝑎𝑖𝑟∗(
100−𝑂2𝑓𝑔−𝐶𝑂2𝑓𝑔

100−𝑂2𝑎𝑖𝑟−𝐶𝑂2𝑎𝑖𝑟
)−𝑂2𝑓𝑔)∗

1

100
∗

1

𝑉𝑚

𝑀̇𝑤𝑎𝑠𝑡𝑒
 

 

(2.4.5) 

 

6. Balance of difference between O2 consumption and CO2 production (𝑑𝑂2−𝐶𝑂2): 

combustion leads to the consumption of O2 and the simultaneous production of 

CO2, and this process varies depending on the origin of waste. Due to the 

different chemical composition of biogenic and fossil fractions, a distinct 

behaviour is observed: during the complete combustion of biomass the 

consumption of O2 equals the amount (in moles) of the generated CO2, while 

during the incineration of a fossil molecule, more oxygen is consumed 

compared to the production of CO2. 

 

 

𝑚̇𝐵 ∗ (
𝐻𝑏

4∗𝑀𝐻
−

𝑂𝑏

2∗𝑀𝑂
+

𝑁𝑏

𝑀𝑁
+

𝑆𝑏

𝑀𝑆
) ∗ 103 + 𝑚̇𝑓 ∗ (

𝐻𝑓

4∗𝑀𝐻
−

𝑂𝑓

2∗𝑀𝑂
+

𝑁𝑓

𝑀𝑁
+

𝑆𝑓

𝑀𝑆
) ∗

103= 𝑑𝑂2−𝐶𝑂2=
103∗𝑉̇𝑓𝑙𝑢𝑒 𝑔𝑎𝑠

𝑀̇𝑤𝑎𝑠𝑡𝑒
∗ ((𝑂2𝑎𝑖𝑟

+ 𝐶𝑂2𝑎𝑖𝑟
) ∗ (

100−𝑂2𝑓𝑔−𝐶𝑂2𝑓𝑔

100−𝑂2𝑎𝑖𝑟−𝐶𝑂2𝑎𝑖𝑟

) −

(𝑂2𝑓𝑔
+ 𝐶𝑂2𝑓𝑔

)) ∗
1

100
∗

1

𝑉𝑚
 

 

(2.4.6) 

The system formed by the six equations results being over determined (six equations 

for four unknowns) and the constraints are partly non-linear, so the system is 

iteratively solved by non-linear data reconciliation. The results are given by mean 

values including their uncertainty. 

Reliability of operating data has always to be checked before calculations, in order to 

assure credible results. 
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The main advantages of the Balance Method are:  

 

- it is independent from the composition of waste, considering it as a unique 

input; 

- input data are controlled and their uncertainty is sure, this means the results 

will be reliable in the given range; 

- the calculated relative error is low (< 4%); 

- it has low implementation and low operational costs. 

 

The limitation of the methodology, on the other hand, is given by the fact that some 

biogenic compounds (such as bioplastics or vegetable oils) present a composition that 

approximates the one of fossil organic matter, so they are wrongly categorized as fossil 

materials. However, due to the minor content of materials such as bioplastics, 

vegetable oil, or the polymer sodium polyacrylate in SRF, this error is negligible. A 

future increase in the use of such materials will lead to the necessity of the 

implementation of some corrections.  

The regulation of Balance Method is presented in norm ISO 18466 [6], defined in June 

2016. Its legitimacy has been recognized in different European countries, such as 

Austria, Switzerland, Denmark, Belgium, and UK. In Italy the method is not 

implemented yet, it’s just used to verify the relative software and the plant 

measurements. 

Recently, in 2018, Fellner et. Al published the new adapted Balance Method (aBM), 

which results more meticulous and just 1% less precise than the 14C method, that is 

considered the most accurate one today. 

 

 

 

2.5 Waste sampling in continuous 

 

Another method, that has recently started to be applied is the continuous sampling of 

flue gas method. 

The long-term sampling of flue gas has a duration variable between one week and one 

month. It consists of the absorption of the CO2 emitted from the chimney, on a solid 

adsorbent (for example soda lime) contained in an adequately sized vial.  
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A mass flow controller allows the deviation of the gas flow controlled by a dedicated 

program, that makes the process automated. To achieve high adsorption efficiency, 

the sampling flow must have a minimum value per minute. The system is also 

equipped with a control system that can detect the concentration of CO2 in and out: in 

this way, the process can be interrupted automatically in case of saturation of the 

adsorbent material. The amount of soda lime normally used is about 200 g with an 

adsorbent capacity of about 27 % by weight (with 200 g this corresponds to 54 g of CO2 

that can be adsorbed): the amount of adsorbent is established depending on the 

expected duration of the sampling process. 

At the end of the sampling period, the vials are replaced, while the adsorbent is 

subjected to acid treatment for the extraction of CO2, that will be subsequentially 

measured for the determination of the 14C content.  

The treatment procedure depends on the instrumental measurement: in the case of 

measurement by liquid scintillation, the CO2 is collected in an absorbent solution based 

on Carbosorb, then mixed with scintillation liquid and measured for a predetermined 

period according to the amount of CO2 collected (for example 3-6 hours). 

The calculation is concluded with the comparison of the results with the values of the 

reference solutions prepared in the laboratory: 

-100 % biomass solution 

- 0% biomass solution  

 

An example of the application of this method is the UIOM (Unité d'Incinération 

d'Ordures Ménagères) 14C program, initiated by Cabinet Merlin and ENVEA in 

partnership with ADEME and FNADE. This program analysed two fuels in particular: 

residual household waste (RHW) treated in waste-to-energy plants, and solid 

recovered fuel (SRF) fueling dedicated boilers.  

 

The program took place in 2 phases: 

- Phase 1 (2016-2018) consisted of the study of a device for determining the biogenic 

content of waste treated by combustion from a 14C analysis of CO2 emissions; 

- Phase 2 (2018-2020) consisted of implementing a continuous monthly measurement 

campaign on eleven plants: ten waste-to-energy plants and one solid recovery fuel 

boiler room. 

 

The new and innovative part is the monthly CO2 sampling in the exhaust gas flow, 

defined as the method MASSBIO2. As part of this program, eleven plants (10 waste-

to-energy plants and 1 solid recovered fuel plant) have been equipped with the 

continuous CO2 sampler, developed by ENVEA. 

During one year, monthly CO2 samples were taken (CO2 adsorption by soda lime) and 
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analyzed in laboratories using two 14C dating methods (mass spectrometry and liquid 

scintillation) in order to determine the percentage of biogenic and fossil CO2 in the 

exhaust gas. 

The MASSBIO2 calculation method integrates all the data collected during the 

monthly measurements. 

In this case, 158 samples were collected, representing more than two million tons of 

municipal solid waste (MSW) incinerated and 19.000 tons of SRF. Each sample 

included: 

 

- Sampling data: availability, quantity taken, etc; 

- Plant operating data concerning the flow rate incinerated, fossil fuel 

consumption, total production of recovered energy, flue gases characteristics; 

- Reference data: concerning the physical-chemical characteristics of the 

incinerated waste and in particular the carbon content and the lower calorific 

value (LHV) of the fractions composing the deposit. 

- The percentage of biogenic CO2 from the 14C analysis.  

 

The MASSBIO2 calculation method then proceeds with three main calculation steps: 

1) Emissions of biogenic and fossil CO2 in flue gases; 

2) Mass distribution of the material in incinerated waste; 

3) Energy distribution recovered by the WTE plants. 

 

Combining the information about the percentage of biogenic carbon, obtained with the 
14C method (as previously explained) and the information about the characteristics of 

flue gases (the total CO2 emitted), it’s possible to evaluate the plant biogenic and fossil 

CO2 emissions. Knowing the quantities and the origin of emitted CO2, it’s possible to 

trace the mass of biogenic and fossil carbon participating in combustion, remembering 

that 1 kg of CO2 is produced by 3,667 kg of carbon, and consequently, the total biogenic 

and fossil massive shares over total waste mass. Once the massive values are 

determined, the energetic content is achievable multiplying each massive fraction with 

the relative lower heating value. 

Basically, this method allows to determine the division between fossil and biogenic 

emissions and between fossil and biogenic masses, and, consequently, the amount of 

biogenic energy recovered by the plant. 

The continuous sampling method has the main advantage of being extremely precise 

in representing the sample, and this makes the results reliable.  

Moreover, other positive aspects are the reduced personnel expenses and the 

amortized cost of the counter. 
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2.6 Limitations in applicability 

 

Except for the continuous sampling methodology, whom standardization is still being 

developed, the other mentioned methods are normed and consolidated. 

They, anyway, have some limitations in their applicability, and their accuracy is 

influenced by the interference of various properties of the various components.  

The distinction methods work based on the difference of some properties between 

biogenic and fossil matter: it’s hard to achieve a precise distinction considering the 

extremely various chemical and physical features of wastes. 

 

• 14C method is suitable for samples of all types of fuel.  

A value of 10 % biogenic carbon can be considered as the lower range of 

application of 14C method by liquid scintillation counter (LSC).  

In order to execute all the processes of the method, highly specialized 

instruments and personnel are necessary. Moreover, a decreased accuracy in the 

estimation of 14C level in atmosphere was caused by two factors: 

1)  1950’s hydrogen bomb experiments; 

2) the actual continuous increase of fossil fuel consumption. 

 

• With selective dissolution method, the main assumption made for its application 

is the complete degradation of biomass materials, while non-biomass materials 

don’t degrade at all. Ideally most biomass materials have almost 100% 

degradability, but there are a lot of exceptions that show large deviations in their 

behavior: some of them show a sort of resistance to degradation, and on the 

other hand, some non-biogenic materials have a tendency to the dissolution even 

if they are supposed not to. 

Unfortunately, due to the high diversity of components in waste, it’s not possible 

to correct the materials that show a strong deviation in their behavior.  

So, generally, the method is reliable for a biomass percentage content between 

10% and 90%. 

 

• Considering manual sorting, the only necessary requirement is that the size of 

particles is higher than 10 mm. This method is obviously strongly affected by 

the physical appearance of the materials.  

There are three main sources of error with this approach: 



43 

 

 

a. The presence of mixed and indiscernible materials, for which it’s 

impossible to distinguish biomass and non-biomass; 

b. The minimum particle size not respected; 

c. The presence of materials that can mimic the appearance of other 

material types, leading to mistakes in the classification. 
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3. Chapter three: Analysis of two case 

study 

The investigation of the methodologies above described was made taking into account 

the norms who define them, and other insights from the literature. 

After an overall view on the determination of biomass and fossil content of a WTE 

plant, the main focus of this Thesis relies on the study of two Italian cases. 

Thanks to the access to their data, it has been possible to analyze two different plants, 

located in the north of Italy, where the combination of 14C method and the continuous 

CO2 sampling were applied. Elaborating the recorded data allowed obtaining a real 

idea of the quantities that represent those kinds of systems.  

After a first analysis of the real cases, the main objective of this Thesis is to compare 

the results obtained from the elaboration of the recorded operational data with the 

outcomes that would have been achieved applying the standard formulas defined by 

the norms.  

Checking the results, it was possible to make a comparison between the real estimates 

and the theoretical values, calculating how much the actual measurements are 

deflected by the ones defined by the specific norms. 
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3.1 Case 1 

 

The first analysis was conducted on a series of data differentiated for the kind of waste.  

Below the list of wastes that were considered (based of EWC classification): 

 

02.02.01 sludge from washing and cleaning operations 

02.02.03 waste unusable for consumption and processing 

02.03.04 waste unusable for consumption or processing 

02.06.01 waste unusable for consumption or processing 

03.03.07 
mechanical separation waste in pulp production from paper and 

cardboard waste 

15.01.06 mixed material packaging 

15.02.03 absorbents, filter materials, rags and protective clothing 

17.02.03 Plastic 

19.05.01 part of urban waste and the like not composted 

19.08.01 screening residues 

19.08.02 waste from de-blasting 

19.08.05 sludge from urban waste water treatment 

19.08.14 sludge from industrial wastewater treatment 

19.12.01 paper and cardboard 

19.12.10 combustible waste (RDF: fuel derived from waste) 

19.12.12 
other wastes (including mixed materials) from the mechanical treatment 

of waste  

20.02.03 other non-biodegradable wastes 

20.03.01 mixed municipal waste 

20.03.99 municipal waste not otherwise specified 

 

Table 3.1: Wastes considered in Case 1. 
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Even if various categories were considered, we won’t focus the attention of the 

difference between these fractions, but mostly of the mean values obtained by the 

analysis, in order to have a more general view of the incineration plant. 

The sampling was made month by month, during a period that went from August 

2019 until February 2021. 

The input data: 

- Mass of wastes entering in [kg] (𝑚𝑤𝑎𝑠𝑡𝑒); 

- Mass of natural gas that also participated to the combustion in [Stm3] and in 

[kg] (𝑚𝑛𝑔), which gives a contribution to the fossil part of the emissions; 

- The percentage of carbon in the incoming waste [%] (%𝐶𝑤𝑎𝑠𝑡𝑒); 

- The share of biogenic carbon in the incoming waste [%] (%𝐶𝑏𝑖𝑜); 

- The percentage of carbon contained in methane [%] (%𝐶𝑛𝑔); 

- LHV of the incoming waste in [MJ/kg] (𝐿𝐻𝑉𝑤𝑎𝑠𝑡𝑒); 

- The share of biogenic LHV of the waste [%] (%𝐿𝐻𝑉𝑏𝑖𝑜) 

- The mean moisture value of the waste [%] (%𝐻2𝑂𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒) 

 

Thanks to these data, it was easy to calculate, monthly: 

 

- The total carbon entering the plant with waste (𝐶𝑤𝑎𝑠𝑡𝑒,𝐼𝑁), in [kg] given by: 

𝐶𝑤𝑎𝑠𝑡𝑒,𝐼𝑁 = 𝑚𝑤𝑎𝑠𝑡𝑒 ∗ %𝐶𝑤𝑎𝑠𝑡𝑒 (3.1.1) 

 

- The total carbon entering the plant with methane, in [kg]: 

 

𝐶𝑛𝑔,𝐼𝑁 = 𝑚𝑛𝑔 ∗ %𝐶𝑛𝑔  

 

(3.1.2) 

 

- The total incoming biogenic carbon from waste, in [kg]: 

 

𝐶𝑏𝑖𝑜,𝐼𝑁 = 𝐶𝑤𝑎𝑠𝑡𝑒,𝐼𝑁 ∗ %𝐶𝑛𝑔 (3.1.3) 

 

- The fossil carbon coming from waste as the difference: 

 

𝐶𝑓𝑜𝑠𝑠𝑖𝑙,𝐼𝑁 = 𝐶𝑤𝑎𝑠𝑡𝑒,𝐼𝑁 − 𝐶𝑏𝑖𝑜,𝐼𝑁 (3.1.4) 
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Proceeding calculating the energy fractions, it’s possible to determine: 

 

- The energy associated to the incoming waste, in [MJ]: 

 

𝐸𝑤𝑎𝑠𝑡𝑒,𝐼𝑁 = 𝑚𝑤𝑎𝑠𝑡𝑒 ∗ 𝐿𝐻𝑉𝑤𝑎𝑠𝑡𝑒 (3.1.5) 

 

- The energy associated to the moisture (considering that 𝐿𝐻𝑉𝐻2𝑂=-2,44 MJ/kg): 

 

𝐸𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 = (%𝐻2𝑂𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 ∗ 𝑚𝑤𝑎𝑠𝑡𝑒) ∗ 𝐿𝐻𝑉𝐻2𝑂 (3.1.6) 

 

 

- The biogenic energy associated to the waste, in [MJ], is calculated summing 

the energy coming from moisture, that has a negative value: 

 

𝐸𝑏𝑖𝑜 = (𝐸𝑤𝑎𝑠𝑡𝑒 + 𝐸𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒) ∗ %𝐿𝐻𝑉𝑏𝑖𝑜 (3.1.7) 
 

All these calculations were made month by month for each kind of waste, from which 

it was possible to obtain both: 

- the result considering all the different wastes during one single month; 

- the result considering one kind of waste during all the months of the 

considered period. 

Anyway, even if various categories of waste were considered, this analysis does not 

focus on these single fractions: it considers the average values referred to the mix of 

waste fed to the plant during each month. 

The comparison between the total input waste carbon (discounted of the carbon share 

coming from natural gas) and the biogenic carbon entering the plant is represented in 

Figure 3.1. 
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Figure 3.1: Biogenic fraction over total waste carbon input in the WTE plant.  

 

In Figure 3.2, the biogenic fraction of energy, over the total energy content, is 

represented. 

 

 

 

Figure 3.2: Biogenic energy over Total waste energy content. 

 

It was possible to calculate the breakdown between fossil and biogenic emissions, 

knowing the quantities of biogenic and fossil carbon in input. The biogenic fraction, 
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given in [kg/month], was so determined (considering the conversion between C and 

CO2): 

 

CO2bio,OUT = Cbio,IN ∗
MMCO2

MMc
   

 

(3.1.8) 

 

where:  𝑀𝑀𝐶𝑂2= 44 kg/kmol; 𝑀𝑀𝑐=12 kg/kmol. 

 

The fossil fraction was calculated from the conversion of fossil carbon into fossil CO2, 

discounted of the share coming from the combustion of natural gas, that was excluded, 

so that a representation of the CO2 strictly coming from waste is given, in [kg/month]: 

 

CO2fossil,OUT = (Cfossil,IN* 
 MMCO2

MMc
)-( Cfossil,IN* 

 MMCO2

MMc
)  (3.1.9) 

 

 

 

Figure 3.3: Biogenic vs. Fossil CO2 emissions. 

 

Now, it was possible to obtain the distinction between biogenic and fossil waste mass 

entering in the incinerator, in [kg/month]: 
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𝑚𝑤𝑎𝑠𝑡𝑒,𝑏𝑖𝑜 =
𝐶𝑂2𝑏𝑖𝑜,𝑂𝑈𝑇

%𝐶𝑏𝑖𝑜 ∗
 𝑀𝑀𝐶𝑂2

𝑀𝑀𝑐

 
(3.1.10) 

 

𝑚𝑤𝑎𝑠𝑡𝑒,𝑓𝑜𝑠𝑠𝑖𝑙 =
𝐶𝑂2𝑓𝑜𝑠𝑠𝑖𝑙,𝑂𝑈𝑇−( 𝐶𝑛𝑔,𝐼𝑁

∗
 𝑀𝑀𝐶𝑂2

𝑀𝑀𝑐
)

%𝐶𝑓𝑜𝑠𝑠𝑖𝑙 ∗
 𝑀𝑀𝐶𝑂2

𝑀𝑀𝑐

 

(3.1.11) 

 

Where the mean value of %𝐶𝑏𝑖𝑜, calculated from the supplied data on the percentage 

of carbon contained in the input wastes, is equal to 77,36%.  

The %𝐶𝑓𝑜𝑠𝑠𝑖𝑙 coming from waste is, consequently equal to 22,64%. 

 

 

Figure 3.4: Biogenic vs. Fossil input masses. 

 

The sum of the biogenic mass and the fossil mass contributions represent the 71,70 % 

of the total mass of waste in. This means that the 28,30 % of the mass should be 

composed of inert material and water. According to literature, inert materials usually 

represent around 20% of the total mass of RHW, this would mean that moisture should 

only represents the 7% of the total mass, which is unrealistic considering that it’s 

contribute is typically around 30%.  

This is a first inconsistency between the measurements/calculations and reality. 

After analyzing the data coming from the real case, the data coming from the literature 

have been considered.  
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Regarding the chemical composition of the biogenic and fossil substance, literature 

analysis have proven that the compositions provided by Fellner et Al. [21] are reliable 

for the characterization of solid recovery fuel coming from RHW, whereas when they 

include significant amounts of special wastes, the assessment is still affected by high 

uncertainty because of the great variability of the properties of special wastes. 

Below are the composition data of municipal solid waste (on a dry ash-free basis) 

processed by Fellner et al. in the most recent studies (2016): 

 

BIOGENIC SUBSTANCE 

 C H O N S Cl 

% [kg/kg] 48,3 % 6,5 % 44,3 % 0,7 % 0,11 % - 

σ [g/kg] 9,00 2,40 14,00 5,00 0,50 - 

σ [%] 1,86 % 3,69 % 3,16 % 71,43 % 45,45 % - 

 

Table 3.2: Dry ash free composition of biogenic waste [21]. 

 

 

FOSSIL SUBSTANCE 

 C H O N S Cl 

% [kg/kg] 77,7 % 11,2 % 6,1 % 1,4 % 0,3 % 3,2 % 

σ [g/kg] 32,00 11,00 26,00 11,00 1,00 24,00 

σ [%] 4,12 % 9,82 % 42,62 % 78,57 % 33,33 % 75 % 

 

Table 3.3: Dry and ash-free composition of fossil waste [21]. 

 

The general energy balance of SFR combustion is: 

 
𝐸𝑤𝑎𝑠𝑡𝑒 = 𝐸𝑏𝑖𝑜 + 𝐸𝑓𝑜𝑠𝑠𝑖𝑙 +  𝐸𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 (3.1.12) 
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(Inert components don’t give an energy contribution). 

 

The biogenic energy share can be found through the formula given by UNI 11461 [7]:  

 

%𝐸𝑏𝑖𝑜 =
𝐴 ∗  %𝐶𝑏𝑖𝑜

𝐵 + [(𝐴 − 𝐵) ∗ %𝐶𝑏𝑖𝑜]
 

(3.1.13a) 

 

where: 

- %𝐸𝑏𝑖𝑜 is the biogenic energy share of the waste; 

- 𝐴 is the reference value of the ratio PCI/C for the biomass fraction of the fuel; 

- 𝐵 is the reference value of the ratio PCI/C for the fossil fraction of the fuel; 

- %𝐶𝑏𝑖𝑜 is the biogenic CO2 fraction that was determined with the 14C method. 

Considering municipal waste or SRF the values of the two coefficients are: 

• A= 0,371 ± 0,018 MJ/kg 

• B= 0,472 ± 0,028 MJ/kg 

 

So that the formula can be written as: 

 

%𝐸𝑏𝑖𝑜,𝑛𝑜𝑟𝑚 =
0,371 ∗ %𝐶𝑏𝑖𝑜

0,472 − (0,101 ∗ %𝐶𝑏𝑖𝑜)
 

(3.1.13b) 

 

and so: 

the sum of biogenic and fossil energy is given by the total energy of the waste 

discounted by the moisture energy content: 

 

𝐸𝑏𝑖𝑜,𝑛𝑜𝑟𝑚 = 𝐸𝑓𝑜𝑠𝑠𝑖𝑙,𝑛𝑜𝑟𝑚 + 𝐸𝑤𝑎𝑠𝑡𝑒 + 𝐸𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 (3.1.14) 

and 

 

𝐸𝑏𝑖𝑜,𝑛𝑜𝑟𝑚 = %𝐸𝑏𝑖𝑜,𝑛𝑜𝑟𝑚 ∗ 𝐸𝑤𝑎𝑠𝑡𝑒,𝑑𝑟𝑦 

 

 

(3.1.15)
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It’s now possible to compare the biogenic energy produced by real data and by the 

theoretical data coming from norms. 

 

BIOGENIC ENERGY 

 Real Case By norm 

Mean Value [MJ/month] 669.495.283,32 683.508.930,47 

Uncertainty [MJ/month] 155.084.770,64 155.627.511,83 

Uncertainty [%] 23,16 % 22,77 % 

Standard Deviation σ [MJ/month] 89.773.312,39 91.521.305,50 

% Standard Deviation σ% [%] 13,41 % 13,39% 

 

Table 3.4: Comparison on biogenic energy. 

 

Absolute uncertainty is calculated considering the maximum error. The relative 

uncertainty is given by the ratio between the absolute uncertainty and the mean value 

of the sample. 

 

 

 

Figure 3.5: Real Case vs. Norm Biogenic Energy. 
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The difference between the calculated energy contents is caused by: 

- The uncertainty associated with the application of the formula (3.1.13) to 

calculate the percentage of biogenic energy, and consequently the fossil one; 

- The error given by neglecting the moisture contribution in the norm formulas. 

 

 

CONTRIBUTES 

 Real Case By Norm 

% Biogenic Energy 77,56 % 72,88 % 

% Fossil Energy 26,68 % 30,04 % 

% Moisture Contribution 

 in Biogenic Energy 
- 4,23 % - 

 

Table 3.5: Error Comparison. 

 

According to the norm UNI 11461 [7], there is a way to consider the contribution given 

by moisture: the biogenic energy calculated should be corrected to take into account 

this effect, that is greater in biogenic substances with respect to the fossil ones.  

Below is reported Table 3.6 containing the correction factors (𝐶𝐹𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒), that depend 

on: 

• the mean water content of the sample; 

•  the ratio between biogenic energy and fossil energy produced. 
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Mean 

Moisture 

Biomass Energy/Fossil Energy (MJ per kg of dry substance/MJ per kg of dry substance) 

10/90 20/80 30/70 40/60 50/50 60/40 70/30 80/20 90/10 

20 1 1 1 1 1 1 1 0,98 0,98 

25 1 1 1 0,98 0,97 0,97 0,96 0,95 0,92 

30 1 1 0,98 0,97 0,96 0,96 0,94 0,91 0,83 

35 1 0,98 0,98 0,96 0,95 0,94 0,91 0,87 0,75 

40 1 0,98 0,97 0,95 0,94 0,91 0,88 0,81 0,64 

45 1 0,97 0,95 0,94 0,92 0,88 0,84 0,75 0,51 

50 0,98 0,96 0,94 0,92 0,89 0,85 0,78 0,66 0,35 

55 0,98 0,95 0,92 0,89 0,85 0,80 0,71 0,56 - 

60 0,97 0,94 0,90 0,85 0,79 0,73 0,62 0,41 - 

 

Table 3.6: Moisture correction factors [7]. 

 

In the considered case, the mean moisture of the waste samples was given as equal to 

24,4%, while the ratio between biogenic and fossil energy output resulted equal to a 

70/30 ratio.  

A correction factor of 0,96 was chosen, and the real quantity of renewable energy is 

given by: 

 

𝐸𝑏𝑖𝑜,𝑛𝑜𝑟𝑚,𝑑𝑟𝑦 = 𝐸𝑏𝑖𝑜,𝑛𝑜𝑟𝑚 ∗ 𝐶𝐹𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 (3.1.16)

 

 

BIOGENIC ENERGY WITH MOISTURE CORRECTION 

 Real Case By Norm, with 𝐶𝐹𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 

Mean Value [MJ/month] 669.495.283,32 656.168.573,25 

Uncertainty [MJ/month] 155.084.770,64 149.402.411,36 

Uncertainty [%] 23,16 % 22,77 % 
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Standard Deviation σ [MJ/month] 89.773312,39 87.860.453,28 

% Standard Deviation σ% [%] 13,41 % 13,39% 

 

Table 3.7: Biogenic energy with moisture correction. 

 

Here the summarized contributions of the three components of waste energy: fossil 

fraction, biogenic fraction and moisture. 

 

CONTRIBUTIONS TO WASTE ENERGY 

 Real case NORM 

% Biogenic Energy 77,56 % 72,88 % 

% Fossil Energy 26,68 % 30,04 % 

% Moisture Contribution in Biogenic Energy - 4,23 % - 2,92 % 

 

Table 3.8: Breakdown of the contributes after moisture correction. 

 

In the diagram below, the curve of biogenic energy coming from norm’s formulas, has 

decreased with respect to the Figure 3.5, remaining below the curve of energy 

evaluated in the real case. This is due to the introduction of the moisture correction 

factor, that can’t be neglected. 
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Figure 3.6: Real case Vs. Norm results after moisture correction. 

 

The prospect of the relative error calculated by comparing the two scenarios is 

reported in Table 3.9. The values obtained by real data were compared with the 

outputs determined through the applications of the defining norms. In both cases, 

biogenic energy was corrected taking into account the moisture of the waste. 

 

 

RELATIVE ERROR ON ENERGY CONTENT 

 
Real Case By Norm 

Relative Error [%] 
Value σ% Value σ% 

% Biogenic 

Energy 
77,56 % 2,06 % 72,88 % 2,08 % 6,03 % 

% Fossil Energy 26,68 % 6,00 % 30,04 % 15,14 % 12,60 % 

% Moisture 

Energy 
-4,06 % 1,38 % -2,92 % 13,50 % 31,09 % 

 

Table 3.9: Comparison between Real case data and Norm results. 
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From this perspective, it’s evident that the formulas defined by standards are quite 

reliable for determining biogenic and fossil fractions, leading to discrepancies not 

negligible but not too high (above 5% but below 15%). On the other hand, the 

contribution of moisture energy to these discrepancies is significant: this leads to think 

the correction factors for moisture content are not enough accurate and representative 

of reality. 

 

Let’s focus now on the breakdown between biogenic and fossil waste mass.  

One of the most reliable correlations between the LHV and the composition of waste 

is based on the statistical analysis of the data on H/C ratio by mass and LHV (on dry 

ash-free basis), reported by the new Van Krevelen diagram [29]. 

 

 

 

 

Figure 3.7: Van Krevelen diagram on H/C correlation with LHV [29]. 

 

From norm UNI 11461 [7], here is a list of different waste fractions, with the lower 

heating representative mean value. 
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Fractions 
Mean LHV 

[MJ/kg] 

1 Domestic organic (wet) 15,8 

2 Cardboard 15,7 

3 Magazine paper 11,7 

4 Newspaper 18,3 

5 Packaging paper 16,6 

6 Plastic card 16,5 

7 Food carton 20,9 

8 Office card 14,9 

9 Mixed paper 16,8 

10 Green (herbaceous residues gardens, parks) 16,4 

11 Treated wood (mixed urban residues) 16,0 

12 Treated wood (impregnated organic/salts) 18,5 

13 Treated wood (mixed residues other) 18,3 

14 Treated wood (demolition residues) 17,8 

15 Leather residues 19,1 

16 
Rubber residues (natural or predominantly 

rubber) 
29,6 

17 
Textile residues (natural or predominantly 

natural) 
16,7 

18 Urban wastewater sewage sludge 12,4 

19 Industrial sludge (paper mill sludge) 10,3 

20 Compost (from MSW) 10,6 

21 Untreated wood (gardens, parks, forests) 18,0 

22 Pyrolysis oil (from wood) 22,0 

23 Pyrolysis oil (from grass) 24,8 

24 Pyrolysis oil (from fruit residues) 24,7 
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25 Mixed plastic 29,5 

26 PVC residues 18,7 

27 LDPE residues 40,2 

28 HDPE residues 41,8 

29 PMMA residues 24,1 

30 PE residues 39,7 

31 PP residues 43,5 

32 Residues in PS 40,6 

33 PET residues 21,2 

34 Polyurethane foam residues 26,4 

35 
Rubber residues (synthetic or predominantly 

rubber) 
25,5 

 

Table 3.10: Mean LHVs of different waste fractions [7]. 

 

According to Fellner et. Al [21], for the composition of biogenic and fossil sources, the 

H/C ratios result being equal to: 

- 𝐻/𝐶𝑏𝑖𝑜= 0,1346; 

- 𝐻/𝐶𝑓𝑜𝑠𝑠𝑖𝑙=0,1441. 

The fossil and biogenic masses were obtained from the energy value previously 

calculated, considering a reference of Lower Heating Value calculated taking into 

account both the relation with the H/C ratio and the mean value of the LHV reported 

by the norm in the table above: 

- 𝐿𝐻𝑉𝑏𝑖𝑜,𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒= 17,59 MJ/kg; 

- 𝐿𝐻𝑉𝑓𝑜𝑠𝑠𝑖𝑙,𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒= 32,46 MJ/kg. 

 

The fossil and biogenic masses were so calculated: 

𝑚𝑏𝑖𝑜,𝑛𝑜𝑟𝑚 =
𝐸𝑏𝑖𝑜,𝑛𝑜𝑟𝑚,𝑑𝑟𝑦

𝐿𝐻𝑉𝑏𝑖𝑜,𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
 

(3.1.17) 

 



61 

 

 

𝑚𝑓𝑜𝑠𝑠𝑖𝑙,𝑛𝑜𝑟𝑚 =
𝐸𝑓𝑜𝑠𝑠𝑖𝑙,𝑛𝑜𝑟𝑚

𝐿𝐻𝑉𝑓𝑜𝑠𝑠𝑖𝑙,𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
 

 

(3.1.18) 

 

The comparison between the sum of biogenic and fossil massive contrbutions is 

reported in Table 3.11. 

 

FOSSIL+BIOGENIC MASS COMPARISON  

 Real Case 
By Norm, with 

𝐶𝐹ℎ𝑢𝑚𝑖𝑑𝑖𝑡𝑦 

Mean Value [kg/month] 45.901.058,78 
 

45.999.561,38 
 

Uncertainty [kg/month] 10.761.625,45 10.588.873,22 

Uncertainty [%] 23,45 % 23,02 % 

Standard Deviation σ [MJ/month] 6.265.067,37 6.189.499,44 

% Standard Deviation σ% [%] 13,65 % 13,46% 

 

Table 3.11: Comparison of sum of fossil and biogenic masses. 

 

The sum of the two masses represents the 70,59 % of the total mass of waste, so another 

29,41 % should be given by the sum of moisture and inert materials. As previously 

noted, the share of inert materials and water is usually around 50 %. It seems the 

results are far from representing reality in both cases. 
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3.2 Case 2 

 

The second situation was analyzed pretty much in the same way of the first one, trying 

to investigate the comparison between results obtained and the ones theoretically 

expected. 

The data provided about this incineration plant presented various differences with 

respect to the first case.  

The system consists of two processing lines: operating data about both of them were 

given hour per hour for the total duration of one exact year (precisely 2020). In 

addition, data about the percentage of biogenic emissions and energy shares of seven 

pairs of vials (one for each line) analyzed between September 2020 and July 2021, were 

supplied. 

Considering that the data from the WTE plant are from 2020, the attention is focused 

only on the study of the first three pairs of vials, which were registered in 2020: 

1) Vials obtained in the period from 23/09/2021 to 30/10/2020; 

2) vials obtained in the period from 03/11/2020 to 09/12/2020; 

3) vials obtained in the period from 10/12/2020 to 31/12/2020. 

 

The input data are: 

- The mass flow rate of methane fed to the incinerator (𝑚𝑛𝑔) in [Nm3/h]; 

- The mass flow rate of flue gases coming from the chimney (𝑚𝑓𝑙𝑢𝑒−𝑔𝑎𝑠) 

[Nm3/h]; 

- The percentage of water in flue gases (%𝐻2𝑂𝑓𝑙𝑢𝑒−𝑔𝑎𝑠) in [%]; 

- The percentage of carbon dioxide in flue gases (%𝐶𝑂2𝑓𝑙𝑢𝑒−𝑔𝑎𝑠) in [%]; 

- The percentage of oxygen in flue gases (%𝑂2𝑓𝑙𝑢𝑒−𝑔𝑎𝑠) in [%]; 

- The mass flow rate of steam produced (𝑚𝑠𝑡𝑒𝑎𝑚) in [t/h]; 

- The biogenic percentage of CO2 of each vial (%𝐶𝑂2𝑏𝑖𝑜) in [%]; 

- The percentage of biogenic energy associated to each vial (%𝐸𝑏𝑖𝑜) in [%]. 

While in the first studied case the data were about the entry conditions, here the 

information is mostly about the output of the incinerator. 

One important piece of information that is missing in this second case, is the input 

mass flow rate of waste. Without it, it is impossible to examine all the specific energy 

values (i.e. LHV of the treated waste). 

For this reason, to obtain the specific energy content of waste, knowing the production 

of steam, the energy of input waste associated to the energy content of the produced 
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steam has been considered. By assuming an efficiency of the boiler ƞ𝑏𝑜𝑖𝑙𝑒𝑟 = 90,91 %, 

the specific energy provided by the waste per each kg of produced steam was found. 

 

The found value: 3,176  [
𝑀𝐽𝑤𝑎𝑠𝑡𝑒

𝑘𝑔𝑠𝑡𝑒𝑎𝑚
]. 

 
This approximation, which consists in assuming a constant boiler efficiency, as well as 

meanly constant contributions from energy sources different from waste, is possible 

because associated with a limited uncertainty, in the range of ±5%. 

Multiplying this value by the produced hourly steam flow rate, which is given, we can 

obtain the energy supplied by waste (𝐸𝑤𝑎𝑠𝑡𝑒) measured in [MJ/h] for the whole year. 

 

Proceeding with the elaboration of data, the CO2 flow rate (𝑚𝐶𝑂2,𝑓𝑙𝑢𝑒−𝑔𝑎𝑠) exiting the 

plant with flue gases was calculated in [Nm3/h] and then transformed into [t/h]: 

 

CO2flue−gas = mflue−gas ∗ %CO2flue−gas  [Nm3/h] (3.2.1) 

 

CO2flue−gas =
mflue−gas∗MMCO2

(22,414∗1000)
   [t/h] (3.2.2) 

 

In the same way, the water flowrate in the flue gases was determined: 

 

H2Oflue−gas = mflue−gas ∗ %H2Oflue−gas  [Nm3/h] (3.2.3) 

 

H2Oflue−gas =
mflue−gas∗MMH2O

(22,414∗1000)
   [t/h] (3.2.4) 

 

 

 

 

For the natural gas input, according to the “Linee guida operative per il calcolo 

annuale dell’indice di efficienza energetica R1 conseguito dai termovalorizzatori di 

rifiuti urbani” [28], the following composition was considered: 
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% vol. MM [kg/kmol] 

CH4 97,10% 16 

C2H6 1,41% 30 

C3H8 0,56% 44 

C4H10 0,34% 58 

CO2 0,01% 44 

N2 0,58% 28 

 

Table 3.2.1: Natural gas composition [28]. 

 

So, the molecular mass of the natural gas is calculated: 𝑀𝑀𝑛𝑔 = 16,57 [𝑘𝑔/𝑘𝑚𝑜𝑙] 

Knowing the natural gas input in the incinerator, given in [Nm3/h], it was transformed 

into [t/h]: 

𝑚𝑛𝑔 =
𝑚𝑛𝑔 ∗ 𝑀𝑀𝑛𝑔

(22,414 ∗ 1000)
 

(3.2.5) 

 

Considering the resulting mass content of carbon in the natural gas, equal to 74,70%, 

the carbon input from natural gas was found and, then, the CO2 emission coming from 

the fossil fuel, in tons per hour [t/h]. 

 

Cng,IN = mng ∗ 0,747  (3.2.6)

CO2ng,OUT = Cng,IN ∗
MMCO2

MMCO2
  (3.2.7) 

 

In the same way, the water coming from natural gas combustion was calculated: 

 

H2Ong,OUT = Hng,IN ∗
MMH2O

MMH2
  (3.2.8) 
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After these calculations, a focus on each of the three pairs of samples of 2020 was made. 

 

First of all, the percentage of fossil CO2 was obtained simply as the difference: 

 
%CO2fossil = 1 − %CO2bio  

 

(3.2.9) 

 

And the breakdown between biogenic and fossil emission was easily found as: 

𝐶𝑂2𝑏𝑖𝑜 = (𝐶𝑂2𝑓𝑙𝑢𝑒−𝑔𝑎𝑠 ∗ %𝐶𝑂2𝑏𝑖𝑜)  

 

(3.2.10)

𝐶𝑂2𝑓𝑜𝑠𝑠𝑖𝑙 = (𝐶𝑂2𝑓𝑙𝑢𝑒−𝑔𝑎𝑠 ∗ %𝐶𝑂2𝑓𝑜𝑠𝑠𝑖𝑙) − 𝐶𝑂2𝑛𝑔,𝑂𝑈𝑇   

 

(3.2.11) 

As the first case study, the fossil part is discounted of the CO2 coming from natural 

gas: the focus is just on the emissions coming from waste. 

Then the biogenic energy was calculated: 

 

𝐸𝑏𝑖𝑜 = 𝐸𝑤𝑎𝑠𝑡𝑒 ∗ %𝐸𝑏𝑖𝑜  (3.2.12) 

 

Now, considering again the values given by the defining norms, in particular: 

- the composition given by Fellner et. Al of the biogenic and fossil 

substances indicated as %𝑥𝑏𝑖𝑜 𝑜𝑟 %𝑥𝑓𝑜𝑠𝑠𝑖𝑙 (𝑥 = 𝐶, 𝐻, 𝑂, 𝑁) 

- the formula (3.1.13) given by UNI 11461 [7] to calculate the percentage of 

biogenic energy  

 

various evaluations can be made. 

 

First, assuming the percentage of carbon of the fossil and of the biogenic fraction and 

combining it with the just computed values of 𝐶𝑂2𝑏𝑖𝑜 and of 𝐶𝑂2𝑓𝑜𝑠𝑠𝑖𝑙, the estimation 

of the mass flow rate of waste has been found, in tons per hour, divided into biogenic 

and fossil (est. stands for estimation): 

 

mwaste,bio,est. =
CO2bio

(%Cbio∗
MMCO2

MMC
)
   (3.2.13) 
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mwaste,fossil,est. =
CO2fossil−CO2gn

(%Cfossil∗
MMCO2

MMC
)
   (3.2.14) 

 

And so, a total estimation of the input waste mass was made thanks to some 

assumptions: 

  
mwaste,est. = mwaste,bio,est. + mwaste,fossil,est. 

(3.2.15) 

 

A particular attention was given to the calculation of moisture, that contributes in the 

energy balance of the waste with its negative LHV. 

 

The general water mass balance in a waste to energy plant is: 

 

H2Oflue−gas = H2Ocombustion + H2Omoisture + H2Oothers  (3.2.16) 

 

For this kind of analysis, the contribute given by H2Oothers is not significant, so we will 

neglect it, reducing the equation to: 

H2Oflue−gas = H2Ocombustion + H2Omoisture  (3.2.17) 

 

The H2Ocombustion ,in turn, is generated by the oxidation of waste and of the natural 

gas fed to the incinerator, so: 

 

H2Ocombustion = H2Obio,waste + H2Ofossil,waste + H2Ong [t/h] (3.2.18) 

 

Therefore, based on the estimated waste mass flow rates and the percentage of 

hydrogen in fossil and biogenic substance according to literature, the following 

quantities were determined: 

H2Obio,waste = mwaste,bio,est. ∗ %Hbio ∗
MMH2O

MMH2
  (3.2.19) 

 

H2Ofossil,waste = mwaste,fossil,est. ∗ %Hfossil ∗
MMH2O

MMH2
  (3.2.20) 
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And, as previously determined: 

 

H2Ofossil,gn = H2Ong,OUT   (3.2.21) 

 

It’s now possible to determine the mass flow rate of moisture as the difference: 

 

H2Omoisture = H2Ofumes − H2Ocombustion  (3.2.22) 

 

The contribution given by moisture is calculated multiplying it by the LHV of water 

(LHVH2O= −2440 MJ/t), resulting (in [MJ/h]): 

 

Emoisture = H2Omoisture ∗ (−2440) 

 

(3.2.23) 

  

The data supplied for this second situation, didn’t involve information about waste’s 

moisture, which results neglected in the elaboration of the data. 

The moisture contribution was calculated through normed formulas, in order to make 

a comparison between a situation that did take it into account, and another one which 

neglected it. 

Then, making a final comparison, it will be possible to see how much is the weight of 

this term. 

A correction to the specific energy content of waste is done: 

 

Ewaste,dry = Ewaste − Emoisture (3.2.24)

 

 

Now, the renewable energy determined through the norm formula is: 

 

Ebio,norm = %Ebio,norm ∗ Ewaste,dry (3.2.25) 

with 

%Ebio,norm =
0,371 ∗  %Cbio

0,472 − (0,101 ∗ %Cbio)
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A comparison from a massive point of view was not possible for this second situation, 

because there weren’t sufficient data, as explained before. 

 

It’s now reported the comparison between: 

- the mean specific total energy content obtained by real data and by norms; 

- the mean biogenic energy content obtained by real data and by the norms 

For each production line of the plant and for each one of the three considered pairs of 

vials, the mean values will be compared, pointing out the relative discrepancy 

calculated on the mean values of the two situations, and the standard deviation (both 

absolute and relative) on the totality of the mean values collected. 

 

Specific total energy of the waste is firstly taken into account. 

 

SPECFIC TOTAL WASTE ENERGY 

 
Mean Value [MJ] 

Relative 

Discrepancy [%] 
Real case    By norm 

Line 1, Vial 1 117.083,75 110.267,76 3,19% 

Line 1, Vial 2 123.254,42 116.258,29 5,68% 

Line 1, Vial 3 107.777,86 99.122,72 8,03% 

Line 2, Vial 1 105.078,26 96.582,50 8,09% 

Line 2, Vial 2 119.337,03 110.388,14 7,50% 

Line 2, Vial 3 106.820,02 97.982,21 8,27% 

 

Table 3.2.2: Specific overall waste energy comparison: real case Vs. norm case. 
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SPECFIC TOTAL WASTE ENERGY 

 Real case By norm 

Standard deviation σ [MJ] 6.951,03 7.506,84 

Realtive Standard Deviation [%] 6,14% 7,14% 

 

Table 3.2.3: Standard deviation on the mean values of the overall waste energy. 

 

The difference between total energy measurements is given by one factor only: 

- the correction with the moisture term in energy content. 

 

It’s possible to notice that the maximum relative discrepancy is the one of the third vial 

in the second line and it is equal to 8,27%. The lower error registered is instead the one 

of the first vial in the first line, which is lower than 4%, resulting negligible. 

Vial 1 and Vial 2 present lower discrepancy with respect to Vial 3, which results being 

the less accurate.  

Generally, the second production line appears less precise with respect to the first one. 

The real case, with respect to the one by norms, presents a lower relative standard 

deviation, even if the values are similar in both situations, around 6-7%. 

 

Biogenic energy fraction from waste is now considered. 

 

SPECIFIC BIOGENIC WASTE ENERGY 

 
Mean Value [MJ] 

Relative 

Discrepancy [%] 
Real case    By norm 

Line 1, Vial 1 69.079,411 65.438,846 2,62% 

Line 1, Vial 2 75.185,20 71.472,108 4,94% 
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Line 1, Vial 3 49.577,814 44.602,75 10,03% 

Line 2, Vial 1 61.996,17 57.317,27 7,55% 

Line 2, Vial 2 72.790,59 67.863,32 6,77% 

Line 2, Vial 3 49.137,21 44.089,54 10,27% 

 

Table 3.2.4: Specific biogenic waste energy comparison: real case Vs. norm case. 

 

SPECIFIC BIOGENIC WASTE ENERGY 

 Real case By norm 

Standard deviation σ [MJ] 10.445,29 10.849,58 

Relative Standard Deviation [%] 16,59% 18,56% 

 

Table 3.2.5: Standard deviation on the mean values of the biogenic waste energy. 

 

The difference between biogenic energy estimates is instead given by two factors: 

- the correction with the moisture term in energy content; 

- the use of the formula (3.1.13) defined by the norm UNI 11461 [7] to determine 

the percentage of biogenic energy. 

 

The maximum discrepancy in this case, is higher than 10%: this increase is probably 

due to the dual factors responsible of the difference between real and normed case. 

Vial 1 results being again the one that minimizes relative discrepancy, in both 

production lines. Vial 3 instead, is the one with greater values of discrepancies, higher 

than 10% in both lines, while Vial 2 stays in the middle between the two. 

Relative standard deviations of biogenic energy are higher with respect to the ones of 

total waste energy: a greater dispersion of data can be deducted.  

The case determined through norms presents a higher relative standard deviation 

(18,56%) with respect to the real case (16,59%). 
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The energy values estimated based on the norms appear lower than the values 

calculated based on the operating data. This may be due to the moisture contribution 

that lowers the outcome of norm-based estimate, since moisture gives a negative 

contribution to the overall energy, featuring a negative lower heating value (-2,44 

MJ/kg). 
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3.3 Discussion of the results 

 
3.3.1 Case 1 results  

 

The first investigated case gave a proper view of the plant during a period 

of one and a half year. The supplied data were divided for waste fraction 

month by month, but the sub-division in waste types was neglected, 

because it was not the focus of the Thesis. 

Considering the results obtained following the two methodologies, a 

comparison was possible on both the energy content and the mass content. 

Starting from the energy analysis, the work showed that the mean 

discrepancy obtained in the quantification of the biogenic energy fraction 

was the lowest one (around 6%), followed by the mean discrepancy found 

comparing the percentage of fossil energy (around 12%) followed again 

by the one in the percentage of moisture energy contribution (around 

31%). If the discrepancy for the biogenic energy component results 

negligible, the other two are significant, especially the one concerning the 

moisture contribution. The explanation of high discrepancy in the 

estimate of the moisture contribution could be sought in the correction 

factors defined by norm UNI 11461 [7], reported in Table 3.6, which are 

probably not accurate enough. 

The analysis continued with the comparison on the mass contents: a 

deviation from reality was showed both considering the real case and the 

case defined by norms. In fact, in both situations the mass contribution 

given by inert components and by water, was very incoherent.  

The real case resulted having a percentage of moisture and inert materials 

mass (over the total mass of waste) equal to 28,30%, when literature 

confirms that the content of moisture and inert compounds is usually of 

the order of 50% of the total mass, as approximately shown in Figure 2.5. 

Assuming that the content of inert materials is usually 20%, a content of 

moisture equal to 8,30% is totally unrealistic. 

The same outcome is given by the analysis of data through the norms: the 

mass sum of moisture and inert materials should be 29,41%, leading to a 

situation that doesn’t replicate reality. 

Concluding, the examination of the data on the energy content showed 

results that, even with a certain uncertainty, are coherent and can 

represent the reality of waste energy content in its three contributions: the 

biogenic, the fossil and the moisture ones. 
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The analysis on mass contents instead, led to some incoherent results, that 

makes this part of the study unreliable. 
 
3.3.2 Case 2 

 
The second case was harder to analyze, because of the lack of some 

relevant input data. For this reason some assumptions had to be made 

(such as ƞ𝑏𝑜𝑖𝑙𝑒𝑟) and this surely contributed to less accuracy in the results, 

even if the hypothesis made were realistic. 

For this situation, it was possible only to compare the overall waste energy 

input, and the biogenic share of it, the mass analysis was not possible 

because of the missing information about the flowrates of treated waste. 

Two production lines and three vials for each of them were examined. 

The comparison between the real outputs and the ones defined by 

standards gave relatively small discrepancies. 

Considering Line 1, the relative discrepancies obtained comparing the real 

and the norm-based values, considering both the overall energy and the 

biogenic share, resulted lower than 4% for Vial 1, lower than 6% for Vial 

2, and lower than 11% for Vial 3. The discrepancies for the first two vials 

are small and negligible, while the outcome of vial 3 seems to be less 

accurate. 

Considering Line 2, the relative discrepancies obtained comparing the real 

and the norm-based values, considering both the overall energy and the 

biogenic share, resulted about 8% for Vial 1, about 7% for Vial 2, and 

around 9% for Vial 3.  

In the second production line the discrepancies are higher and quite 

homogeneous for all the three vials. Anyway, Vial 1 and Vial 2 are 

certainly more accurate than Vial 3, which shows higher discrepancies. 

This could be caused by some anomalies in plant’s data gathering, since 

the results look coherent with reality during the rest of sampling periods. 

Dry energy content, the one that considers moisture content as a negative 

energy contribution, results being lower than the energy of the real case, 

that, according to how data were supplied, didn’t take water content into 

consideration. This means that reality is coherently represented. 

Moreover, considering that the supplied data were very accurate (hour by 

hour for a whole year), maybe some imprecisions in their gathering 

occurred, and this could have contributed to higher discrepancies. 

Concluding, the three vials turned out to be credible and coherent with 
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reality: some more accurately than others. 

Anyway, the tested vials were all concentrated in the last part of the year 

(from the end of August to the end of December): surely more vials should 

be investigated in order to get an accurate trend of the entire year, that 

would allow to better understand the development of discrepancies and 

to have a general representative view of the situation. 
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4. Conclusion and future development 

In the end of this study, it is possible to conclude that the investigation should 

definitely be extended. 

After a presentation of the various methods defined in the literature to determine the 

distinction between fossil and biogenic shares of waste, in terms of CO2 emissions (i.e. 

C content), biomass and energy contents, the Thesis focused on the verification of their 

underlying concepts. 

In particular, the results obtained by processing the operating data of two Waste-to-

Energy plants, including the  14C analysis of continuously sampled flue gas, gave terms 

of comparison for the results obtained following the steps defined by the standards. In 

both study cases, following both the procedures, discrepancies between the two sets 

of results emerged. 

 

In Case 1, a significant inconsistency on mass basis was found: the estimated content 

of inert materials and moisture resulted being very underestimated with respect to the 

reality reported in the literature, with an incoherence accounting for more than 40% of 

waste mass. 

The accuracy of the methodologies defined by standards appeared as requiring further 

improvement. 

 

In Case 2, despite more hypothesis and approximations have been made, it was 

demonstrated that most of the energy-based results are coherent with what was 

expected from reality. Anyway, the supplied data only represent a small temporal 

period, thus resulting not exhaustive for evaluating the plant behavior. 

 

The main objective of possible future development should be to find ways of 

improving the norm methods, which should be able to coherently represent the waste, 

both from a mass point of view (formed by the four components: biogenic, fossil, 

moisture and inert materials), and from an energy perspective (obtaining a reliable 

breakdown between the contributions from fossil, biogenic and moisture energy 

contents). 
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Additional work to further study and improve the actual norms is essential to make 

them reliable and effectively usable in industry with good accuracy. Therefore, an 

extension of this work should be envisaged, also with a direct involvement of CTI 

(Comitato Tecnico Italiano [27]), which is in charge of the periodic update of the 

considered norms. 

The achievement of a solid and credible standard system would represent a great 

opportunity to correctly assess the environmental impact of Waste to Energy plants: 

many people developed a dim view of these systems during years, without really 

understanding that WTE plants represent a way to recover energy with a lower 

environmental impact with respect to alternative practices of waste management, in 

particular disposal. The multiple benefits, from an economic, environmental and 

logistic point of view, are definitely sufficient to make this technology worthy to be 

more investigated, also under the aspect of the distinction between fossil and biogenic 

CO2 emissions. This aspect is crucial to put Waste-to-Energy in the correct perspective 

under the light of the decarbonization route.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



77 

 

 

 

 

 



78 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



79 

 

 

 



80 

 

  

A. Appendix A 
 

 

SELECTIVE DISSOLUTION METHOD PERFORMANCE 

Biomass/  

non-biomass 
Material 

Biomass content 

according to 

dissolution test 

Maximum 

difference 

observed 

Biomass Tropical hard wood  100 % 0,0 % 

Biomass Pine 100 % 0,0 % 

Biomass Fir 100 % 0,3 % 

Biomass Oak 100 % 0,1 % 

Biomass Duck feathers 100 % n.a. 

Biomass Linen 99 % 0,0 % 

Biomass MDF residues 99 % 0,0 % 

Biomass Cotton 99 % 0,0 % 

Biomass 
BIOPAC (based on 

starch) 
99 % 0,1 % 

Biomass Copy paper 99 % 0,5 % 

Biomass Shea nut residues 99 % 0,9 % 

Biomass 
Pulverized cacao shell 

residue 
98 % 0,9 % 
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Biomass Coconut residues 98 % 0,7 % 

Biomass Waste wood pellet 98 % 1,6 % 

Biomass Willow 98 % 0,4 % 

Biomass Olive pit residues 98 % 8,4 % 

Biomass 
Pelletized cacao shell 

residues 
97 % 0,8 % 

Biomass Newspapers 97 % 0,2 % 

Biomass Seeds of grass 97 % n.a 

Biomass Palm pit residues 97 % n.a 

Biomass Glossy paper 97 % 0,2 % 

Biomass Cherry pits 94 % 5,2 % 

Biomass Leather 93 % 0,1 % 

Biomass Naturale rubber (NR) 84 % 3,3 % 

Biomass 
Viscose (based on 

cellulose) 
83 % 0,2 % 

Biomass Wool 82 % 36,2 % 

Biomass Frying fat 41 % 2,5 % 

Biomass Charcoal 2 % n.a. 

Biomass ECOPAL (based on corn) 0 % 0,2 % 

Non-biomass PS foam (Plystyrene) -2 % 1,5 % 

Non-biomass PC (Polycarbonate) -1 % 0,1 % 

Non-biomass IIR (Butyl rubber) 0 % 13,7 % 
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Non-biomass 

PS dense (Polystyrene), 

PS non-expanded 

(Polysterene) 

0 % 0,1 % 

Non-biomass 
LDPE (Low density 

polyethylene) 
0 % 0,7 % 

Non-biomass PP (Polypropylene) 0 % 0,3 % 

Non-biomass 
PET 

(Polyethylneterephtalate) 
0 % 0,9 % 

Non-biomass 
HDPE (High density 

polyethylene) 
1 % 1,4 % 

Non-biomass PVC (Polyvinylchloride) 2 % 0,9 % 

Non-biomass CR (Chloroprene rubber) 10 % 1,1 % 

Non-biomass 
SBR (Styrene-butadiene 

rubber) 
14 % 3,6 % 

Non-biomass Hard coal 43,5 % 10,6 % 

Non-biomass Silicon rubber 86 % 6,1 % 

Non-biomass Lignite 93 % 1,5 % 

Non-biomass 
PUR non expanded 

(Polyurethane) 
95 % 0,4 % 

Non-biomass Polyamide 6.6 97 % 3,1 % 

Non-biomass 
PUR foam 

(Polyurethane) 
98 % 0,1 % 

 

Table A: Selective Dissolution Method performances. 
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2.  List of Symbols 

Variable Description SI unit 

14C 

Radiocarbon, 

radioactive isotope of 

carbon 

pmC 

wB 
Percentage of biomass 

expressed by mass 
% 

wNB 
Percentage of non-

biomass mass 
% 

αBIOGENIC 

Relative dry 

distribution of RHW 

biogenic fraction. 

- 

qNB 
Calorific value of non-

biomass fraction 
kJ/kg 

qB 
Calorific value of 

biomass fraction 
kJ/kg 

wB,cal 

Biomass content 

expressed as 

percentage by calorific 

value 

% 

wNB,cal 

Non-biomass content 

expressed as 

percentage by calorific 

value 

% 

wB,tc 
Biomass content 

expressed as 
% 
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percentage by carbon 

content 

wNB,tc 

Non-biomass content 

expressed as 

percentage by carbon 

content 

% 

𝑥𝑖
𝐵 

Biogenic fraction in 

terms of mass 
- 

𝑥𝑖
𝑁𝐵 

Non-biomass fraction 

in terms of mass 
 

wIN 

Inert material content 

expressed as 

percentage by mass 

% 

𝑚̇𝐼 
Inert materials mass 

flow rate 
kg/s 

𝑚̇𝑊 
Moisture mass flow 

rate 
kg/s 

𝑚̇𝐹 
Fossil share mass flow 

rate 
kg/s 

𝑚̇𝐵 
Biogenic share mass 

flow rate 
kg/s 

Mx 
Molecular mass of 

component ‘x’ 
kg/kmol 

Cb 
Carbon content in 

biogenic fraction 
kg 

Cf 
Carbon content in 

fossil fraction 
kg 

𝑉̇flue-gas 
Flue gases volume flow 

rate 
m3/s 

Cwaste 
Carbon content in total 

waste 
kg 

𝑆̇ Steam production kg/s 

Δh 
Specific enthalpy pf 

steam cycle 
J/g 

ƞ Boiler efficiency - 

Ebio 
Energy from biogenic 

fraction 
J 

Efossil 
Energy from fossil 

fraction 
J 
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Emoisture 
Energy from moisture 

fraction 
J 

CFmoisture 
Moisture correction 

factor 
- 

Ewaste Waste energy content J 

Ewaste,dry 
Dry waste energy 

content 
J 

   

   

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



100 

 

  

 



101 

 

  

3.  Acknowledgements 

Durante questi anni universitari, più volte ho sognato di giungere alla conclusione di 

questo percorso, più volte mi sono immaginata il momento in cui avrei scritto i 

ringraziamenti della tesi, salutando per sempre il Polimi. È stato un percorso lungo e 

intenso, che a tratti mi ha fatto dannare e dubitare, ma che so essere una conquista di 

cui andrò sempre fiera. 

Ringrazio innanzitutto il Professore Federico Viganò, che con la sua conoscenza e 

disponibilità, mi ha permesso di svolgere questa Tesi. 

Vorrei ringraziare poi chiunque abbia saputo accompagnarmi durante questo viaggio, 

con amore e costanza, in primis la mia famiglia. Mia sorella, il mio pilastro d’amore da 

sempre, mia mamma, per cui dovrei scrivere troppe cose per ringraziarla, che con tanta 

gentilezza sapeva sempre come farmi tornare la fiducia, e mio papà, che a suo modo e 

senza tante parole, mi ha sempre continuato a sostenere. 

Ringrazio la mia migliore amica, con la quale affrontare la vita è sempre sembrato più 

bello e meno complicato. 

Ringrazio la banda delle mie amiche, con cui ho passato intere giornate e anni a 

studiare nella biblioteca di Segrate, condividendo la sofferenza di ogni sessione e la 

gioia nell’ottenere ognuna i propri risultati. 

Ringrazio Marco, la mia roccia per gran parte del mio percorso universitario. 

Ringrazio la mia amata Dark Poli gang e tutte le belle persone conosciute in Bovisa e 

in patio, senza la quale l’università non avrebbe avuto sapore, senza la quale non avrei 

imparato a giocare a scopa così bene. Non mi scorderò mai di tutte le emozioni 

condivise con i miei compagni di corso, alcuni dei quali sono diventati parte 

assolutamente fondamentale della mia vita:  

Un grazie importante va a Luca, che ancora prima che io me ne accorgessi, non ha mai 

smesso di credere in me e in noi. 

A tutte queste persone dedico il mio amore, perché un grazie non basta. 

E infine ringrazio tutto ciò che il Politecnico di Milano ha rappresentato per me, un 

percorso avvincente divertente a tratti sfinente, ma sicuramente un tassello 

fondamentale nel mio percorso di crescita e conoscenza di me stessa. 

 



102 

 

  

E qui mi fermo, è ora di aprire un prosecco, ciaone e grazie ancora. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



103 

 

 

 


