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Introduction

This memorandum introduces a method to determine the calorific limit value of waste and the maximum contents of relevant environmental components in waste, for treatment in installations that are not specialised chiefly in waste incineration (hereafter known as co-incineration). The legal reference framework in this matter is the EU Directive 94/67/EG of 16/12/94 on the incineration of hazardous waste. All references regarding sections of the law in the following document refer to this directive. The aim is to calculate a series of technical criteria which comply with the following starting conditions:

The criteria pursue equality with regard to the environmental impact due to waste treatment, on the one hand in installations specialised chiefly in waste incineration (with strict and rigid environmental standards) and on the other hand installations not specialised chiefly in waste incineration (with less strict environmental standards). They are not arbitrarily- chosen values, but values calculated on the basis of a mathematical model that takes into account the environmental performance rates of the co-incinerator (e.g. specific flue gas purification efficiency).

The criteria are founded on a legal basis. However, a different approach is chosen for the development of the stated EU Principle of article 7.4. The EU Directive limits itself to drawing up a formula for determining emission limits specifically for co-incinerators in appendix 2 thereby not achieving equality. In this contribution a complementary method is described with the intention of achieving the principle of equality via a waste input-control (see part 2 principle 2).

These criteria were not primarily drawn up to make a distinction between recovery or useful application of waste (e.g. R9) and disposal of waste (e.g. D10) but can however, be used in this framework as a point of departure.

    * criterion 1: minimal calorific value

    * criterion group 2: maximal concentrations of volatile pollutants

    * criterion group 3: maximal concentrations of non-volatile pollutants

These criteria have to be interpreted in view of the non-dilution principle. As the dilution of waste is forbidden, the criteria apply for individual waste streams. One of the major goals of this principle is to prevent the treatment of difficult waste as conventional fuel substitutes.

Principles

The principles for the 3 respective groups can be summarised as follows:

Principle 1:

The waste must have a calorific content so that the EU conditions for incineration in installations specialised chiefly in waste incineration can be safeguarded. The waste has to reach the following conditions autonomously (without adding external energy): 850ºC at 6% O2-excess if Cl > 1% (94/67/EC art. 6.2). In principle these conditions apply for at least 2 seconds as from the last supply of combustion air during the incineration process.

When the combustion of waste needs the addition of external energy in order to reach the EU conditions mentioned above, the first goal of the process is waste destruction and not the recuperation of energy. Regarding the Eurits position the destruction of waste has always to be done in an installation which meets all criteria for specialised waste treatment, including those for the process related parameters like dust, TOC, CO, NOx, dioxins, etc.

Principle 2:

The emission conditions as stipulated in EU Directive 94/67/EC article 7.1 apply for the flue gas amount originating from the waste incineration. This means that the incineration of waste, as well in an installation specialised chiefly in waste incineration or in a co-incinerator, is always done with the same environmental performance, in other words with the same mass output of volatile pollutants in the flue gas (=OW in next formula).

If we translate this into a formula, it means that the co-incinerator has to have a flue gas purification efficiency (%R) pre-component, given by:

% R=W (Iw - Ow) / x 100

with: Iw = mass input via waste

      Ow = mass output via flue gas

           = emission limit x flue gas volume originating from the waste.

In the event of non-compliance, there are two ways to attain the allowed mass output for an incinerated waste: optimising the flue gas purification efficiency (= increase % R) or limitation of the mass input via the waste (= decrease lw).

Principle 3: principle of avoidance (= input neutrality)

The contribution of non-volatile waste pollutants as a result of co-incineration does not lead to an increase of the normal composition of the end-product. This only applies if the solid combustion residue is incorporated into the end-product which is normally produced by the installation. If not, the residue will have to be removed according to the waste management regulations.

This principle avoids the uncontrolled dispersion of, for instance, undesired heavy metals via an end-product which is normally free-traded. It also incorporates a control procedure into the durable chain management of these residues, making possible controlled and multiple re-use in various applications.

The exceptions to this principle are of course components that have a positive influence on the quality of the end-product.

Method

Each of the three above-mentioned principles is translated into a mathematical model. The formulas have been given in appendix 1.

model 1: calculation of autonomous combustion temperature

model 2: release of volatile components via emissions

model 3: release of non-volatile components via the end-product

These models have been worked out interactively in Lotus spreadsheets. By filling in the variable parameters in these formulas one obtains the respective values for the various criteria.

The important advantage of this method is the fact that the various performance rates of installations, not specialised chiefly in waste incineration, can be taken into account which subsequently leads to different criteria.

At the same time it also safeguards the principle of equality at all times, i.e. the better the environmental performance rate, the broader the composition criteria of the co-incinerated waste.

Results and Discussion

4.1 Minimal calorific value (group 1, principle 1, model 1)

In appendix 2 the calculation via model 1 is given in detail. The model gives as a result the average autonomous combustion temperature of the complete amount of flue gas originating from the waste incineration.

As input data (framed values) the average values of a representative installation specialising chiefly in the incineration of hazardous waste are taken, including:

    * the average composition of the waste package for incineration in the course of several working years, i.e. 40% organic, consisting mainly of hydrocarbons, 35% ash and 25%H2O

    * an estimated loss of heat of 10% due to oven radiation.

Calculations have shown that with a calorific upper value of approximately 11.5 MJ/kg under these conditions, a temperature of 850ºC at 6% O2-excess can be reached and, analogous to this with 15 MJ/kg, a temperature of 1100ºC at 6% O2-excess. So in principle, all waste which complies with these last conditions is capable of reaching the EU incineration conditions autonomously in every co-incineration process.

We now compare above-mentioned calculated values with other international criteria regarding this matter.

    * Ministerium für Umwelt, Nordrhein-Westfalen (D): > 11 MJ/kg is chosen as guideline for the energetic use of waste in the cement industry (1996)

    * The US EPA has specified a value of at least 11.6 MJ/kg in the S/F-rules for the incineration of hazardous waste in boilers and industrial furnaces (1991)

4.2 Maximal concentration of volatile pollutants (group 2 principle 2, model 2)
Appendix 3 shows the results for Cl, S and heavy metals respectively, calculated in accordance with model 2.

The following input data are taken:

    * emission limits of art. 7.1.

    * a mass flow of waste of 1 ton/h

    * a fuel gas flow of 10,000 Nm3/ton of waste;

    * a transfer percentage of 100% (this counts for all pollutants except for N, for which the transfer of N to NOx is about 20%)

The tables show the maximal input concentration via the waste in accordance with the gas purification efficiency of an installation under consideration, for all emission limits specified in the EU Directive. The tables can be applied to all types of co-incineration. In the last column some examples of different co-incineration processes are given.

It must be said that in spite of the fact that different installations operate in compliance with the EU emission limits, there might still be a significant difference in effective environmental impact. The following example will make this clear: waste with a chlorine content of 0.5% incinerated in an installation with a flue gas purification efficiency of 98% could release approximately 10 mg/Nm3 HCI via the flue gas. Incinerating the same waste in an installation with 99.95% efficiency will release a total emission which is lower by a factor of 40. Nevertheless both installations operate in compliance with the EU emission limits for hazardous waste.

4.3 Maximal concentration of non-volatile pollutants (group 3, principles, model 3)
The calculation of this criterion can only be done for a specific situation and is less general that the previous two criteria.

In appendix 4 the calculation is done for a cement kiln, as an example.

One has to keep in mind that the model calculates the release of non-volatile pollutants via the amount of clinker which is simply produced with the amount of energy from the waste. The following data are used as input:

The mass transfer of non-volatile pollutants from the waste to the end-product is 100%. This means complete incorporation of the incineration residue in the end-product.

The calorific value of the waste under consideration is put at 25 MJ/kg, comparable to that of charcoal. However a lower calorific value will give a lower maximal input concentration via the waste!

Only the contribution of the waste is taken into account for the calculation and not the additional contribution of the conventional raw materials. This is done in order to keep the calculation simple and transparent. In this way the obtained values are an overestimate of the allowed contribution of the waste, if the principle of avoidance is taken as a starting point.

A distinction is made between a dry and a wet cement process, as their energy needs are different (see remarks in table).

In the second column a maximal input value for different kinds of waste pollutants is given, resulting in a clinker concentration for a dry process (column 4) which is the same as the normal composition of the clinker when produced without waste (column 6).

Obviously the same calculations can be repeated for a wet process. The fifth column shows the results departing from the same waste input concentrations. Due to the higher energy consumption of a wet process and the direct consequence that more waste is needed in order to cover the energy needs, this results in higher values in the clinker. So in principle, the input concentrations are lower for a wet process than they are for a dry process!

The values that can be determined with this model (column 2) can be compared to a Swiss proposal, the latter a result of a completely independent exercise. Column 7 shows the results. The values are also related to waste with a supposed calorific value of 25 MJ/kg and can thus be compared with those of model 3. What is striking is the overall correspondence between both proposals, with the exception of As and Sn, for which the Swiss proposal is much stricter.

Obviously, starting from this data, the maximal input concentrations can be determined in mg/MJ energy-content of the waste. These are obtained by dividing the values as specified in column 2 by a factor 25.

Proposal: Technical Criteria for Cement Kilns

In appendix 5 the proposal for technical criteria has been summarised.

If individual waste streams comply with these criteria, they can be incinerated in a cement kiln under the same environmental conditions as in an installation specialised chiefly in waste incineration, thus in compliance with the EU stipulations of article 6.2 and 7.1. At the same time the principle of avoidance is respected. It means that the dispersion of pollutants - which do not have a positive influence on the quality of the end-product - from the waste via the clinker is comparable with those introduced via the normal raw material (clay, lime and coal).

The most important input data for the calculation of these values are repeated in the last column so as to leave no doubt.

The calorific value is put at 15MJ/kg as, in practice, installations specialised chiefly in waste incineration have a consistent operating temperature of 1100ºC.

Cl, S, I, Br and N are considered to be volatile pollutants. The emission limits in the EU Directive can be used as a reference for Cl and S. Due to the lack of values in the directive for Br, I and N, the standards used in the EU Member States can be used. In the proposal the emission limits as determined in the Flemish regulation regarding general and specific stipulations for environmental hygiene are used.

The heavy metals are categorised as non-volatile pollutants. The most important reason for this is that some cement kilns equipped with an electro-filter are able to reach the same performance rate for volatile metals as installations specialised chiefly in waste incineration (for instance, those equipped with an E-filter and wet gas scrubbing) We must indicate, however, that this strongly depends on the quality of operation of the installation under consideration. In the case of low or insufficient performance rates it is possible that the heavy metals will fall into the category of volatile pollutants.

With regard to the maximal concentrations of non-volatile pollutants, the proposal is an interpolation between various scenarios. The final results have been somewhat modified to the ecotoxic relevance of the various heavy metals (for Cd, TI, As and Be) The values have been rounded, enabling a division into 6 distinct groups.
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APPENDICES
Appendix 1: Mathematical models

APPENDIX :1.1

MODEL 1: calculation of autonomous combustion temperature

Formula: (CALV org * X org) - (EH water x X water) - (SH ash * X ash) - E loss =

[ (Cp flue gas x (M flue gas/M org) x X org) + (Cp water x X water) + (Cp ash x X ash) ] x Tautonomous]

Where: 

VARIABLES

CALV org * X org = measured adiabatic calorific upper-value in closed bomb

X org = organic fraction

X water = water fraction --> X org + X water + X ash = 1

X ash = ash fraction

E loss = loss of energy by radiation

M flue gas/M org = (1 + kg stochiometric combustion air/kg organic material) x EAF

EAF = excess air factor = 0.21 / (0.21 - (% O2/100))

Tautonomous = mean temperature of flue gas and combustion residues

CONSTANTS

Cp = specific heat value in kJ/kg.K

Cp flue gas  = 1.25 kJ/kg.K 
Cp ash = 0.8 kJ/kg.K

Cp steam = 2 kJ/kg.K 
Cp air = 1.05 kJ/kg.K

EH water: heat of evaporation of water 2500 kJ/kg

SH ash: heat of fusion of slag 150 kJ/kg

APPENDIX: 1.2
MODEL 2: release of volatile components via emission

Formula: C emission = C waste x (% transfer/100) x ((100 - % elimination)/100) x (D waste/D emission)

Where: 
VARIABLES

C emission = concentration in flue gas in mg/Nm3 (dry gas, 11 % O2, 1 atm and 273 K)

C waste = concentration in original waste in mg/kg

D waste = mass flow of waste in kg/h

D emission = flow of flue gas in Nm3/h (dry gas, 11 % O2, 1 atm and 273 K)

% transfer = transfer of solid/liquid waste to gas phase in %

% elimination = yield of elimination from the flue gas in %

APPENDIX: 1.3
MODEL 3: release of non-volatile components via end-product

Formula: C end product = C waste x (E end product/E waste) x (% transfer/100)

Where: 
VARIABLES

C end product = concentration in end product in mg/kg

C waste = concentration in original waste in mg/kg

E waste = calorific lower-value in kJ/kg = measured upper-value in kJ/kg - (2500 kJ/kg * X water)

E end product = process dependant energy need for production of end-product in kJ/kg

% transfer = mass transfer from the waste to the end-product in %

Appendix 2: calculation of the minimum calorific value

MODEL: calculation of the minimal calorific value and autonomous combustion temperature

Formula: (CALV org * X org) - (EH water * X water) - (SH ash * X ash) - E loss =

[ (Cp flue gas * (M flue gas/M org) * X org) + (Cp water * X water) + (Cp ash * X ash) ] * Tauto
Where: 
X org organic fraction 


Cp flue gas 1.25 kJ/kg.K

X water water fraction 


Cp steam 2 kJ/kg.K

X ash ash fraction 


Cp ash 0.8 kJ/kg.K

X org + X water + X ash = 1 

Cp air 1.05 kJ/kg.K

CALV org * X org = measured adiabatic calorific upper-value in closed bomb

EH water = heat of evaporation of water 2500 kJ/kg

SH ash = heat of fusion of slag 150 kJ/kg

E loss = loss of energy by radiation

M flue gas/M org = (1 + kg stochiometric combustion air/kg organic material) * air excess factor

air excess factor = 0.21 / (0.21 - (% O2/100))

1. CALCULATION OF FLUE GAS AMOUNT

CxHyOzNuClvSw + (x + (y-v)/4 - z/2 + w) O2 ---> x CO2 + ((y - v)/2) H2O + (u/2) N2 + v HCl + w SO2
(assumption: conversion of N2 to NOx is neglected)

Input data of organic fraction of the waste:

input mol/kg org input mol/kg org

mass-% C : 81.2 67.67 mass-% N : 0.2 0.14

mass-% H : 14.7 147 mass-% Cl: 0.5 0.14

mass-% O : 3 1.88 mass-% S : 0.4 0.11

with: %C + %H + %O + %N + %Cl + %S = 100

Stoichiometric amount O2: 3.31 kg/kg organic material

Stoichiometric amount air: 14.22 kg/kg organic material

Amount flue gas at 0 % O2 excess: 15.22 kg/kg organic material

Input: vol-% O2 excess 6,00

Amount flue gas at X % O2 excess: 21.31 kg/kg organic material

2. CALCULATION OF AUTONOMOUS COMBUSTION TEMPERATURE

Input data: 
X water 25 %

X ash 35 %

estimated loss of energy 10 %

	measured calorific upper-value
	11500 kJ/kg
	15000 kJ/kg

	Heat for warming flue gas and ash:
	9740.25 kJ/kg waste
	12890.25 kJ/kg waste

	Heat-input per øC temperature rise of residues:
	11.44 kJ/K.kg waste
	11.44 kJ/K.kg waste



	Autonomous combustion temperature:
	852 °C
	1127°C



APPENDIX: 3.1
Maximum CHLORINE-concentration in % for a HCl emission concentration of 10 mg/Nm3

	GAS PURIFICATION EFFICIENCY

%
	MAXIMUM WASTE INPUT

%
	EXAMPLES of

GAS PURIFICATION SYSTEMS

	> 99.95
	> 20.00
	wet or dry specialised gas cleaning

	99.9
	10
	

	99.5
	2
	

	99
	1
	

	98
	0.5
	gas cleaning in cement kiln

	95
	0.2
	

	90
	0.1
	

	75
	0.04
	

	50
	0.02
	

	25
	0.013
	

	10
	0.011
	electrostatic precipitator (e.g. type 3-fields)

	0
	0.01
	boiler/open furnace


APPENDIX 3.2

Maximum SULPHUR-concentration in % for a SO2 emission concentration of 50 mg/Nm3
	GAS PURIFICATION EFFICIENCY

%
	MAXIMUM WASTE INPUT

%
	EXAMPLES of

GAS PURIFICATION SYSTEMS

	> 99.95
	> 25.00
	upgraded wet gas cleaning (e.g. + extra filter) =

double contact process H2SO4 production

	99.5 - 99.9
	5.00 – 25.00
	normal wet or dry specialised gas cleaning

	99
	2.5
	

	98
	1.25
	single contact process H2SO4 production

	95
	0.5
	dry gas cleaning in cement kiln

	90
	0..25
	

	75
	0.1
	

	50
	0.05
	electrostatic precipitator (e.g. type 3-fields)

	25
	0.033
	

	10
	0.028
	

	0
	0.025
	boiler/open furnace


APPENDIX: 3.3

Maximum METAL-concentration in mg/kg as a result of mentioned emission limits

	Gas cleaning efficiency %
	Emission limit, expressed as metal mg/Nm3

	
	0.05
	0.1
	0.5
	1

	99.99
	5000
	10000
	50000
	100000

	99.95
	1000
	2000
	10000
	20000

	99.9
	500
	1000
	5000
	10000

	99.5
	100
	200
	1000
	2000

	99
	50
	100
	500
	1000

	98
	25
	50
	250
	500

	95
	10
	20
	100
	200

	90
	5
	10
	50
	100

	75
	2
	4
	20
	40

	50
	1
	2
	10
	20

	25
	1
	1
	7
	13

	10
	1
	1
	6
	11

	0
	1
	1
	5
	10

	New installation
	Cd+Tl&Hg
	
	sum 1
	

	Existing installation
	
	Cd+Tl&Hg
	
	sum 1


SUM 1 = Sb, As, Pb, Cr, Co, Cu, Mn, Ni, V, Sn




APPENDIX: 4

CALCULATION OF THE MAXIMUM CONCENTRATION OF NON-VOLATILE POLLUTANTS

	Waste
	Concentration in clinker
	Normal clinker composition

mg/kg

(3)
	C waste Swiss proposal

mg/kg

(4)

	Component
	C waste mg/kg
	Transfer 

%
	Dry process (1)

mg/kg

(5)
	Wet process (2)

mg/kg

(5)
	
	

	Hg
	1.5
	100
	0.2
	0.3
	0.2
	0.5

	Cd
	2
	100
	0.3
	0.5
	0.3
	2

	Tl
	7
	100
	1
	1.6
	1
	3

	Sb
	7
	100
	1
	1.6
	1
	5

	As
	121.5
	100
	17
	27.7
	17
	15

	Pb
	128.5
	100
	18
	29.3
	18
	200

	Cr
	378.5
	100
	53
	86.3
	53
	100

	Co
	107
	100
	15
	24.4
	15
	20

	Cu
	286
	100
	40
	65.2
	40
	100

	Mn
	200
	100
	28
	45.6
	-
	-

	Ni
	214
	100
	30
	48.8
	30
	100

	V
	214
	100
	30
	48.8
	30
	100

	Sn
	200
	100
	28
	45.6
	-
	10

	Be
	7
	100
	1
	1.6
	1
	5

	Zn
	428.5
	100
	60
	97.7
	60
	400

	Mo
	20
	100
	2.8
	4.6
	-
	-

	Se/Te
	10
	100
	1.4
	2.3
	-
	5

	F
	1071.5
	100
	150
	244.3
	(100-300)
	–


(1): energy need for the production of 1 kg clinker in dry process: 3500 kJ/kg

(2): energy need for the production of 1 kg clinker in wet process: 5700 kJ/kg

(3): All fired up, Environmental Toxicology International, E.K. Mantus, 1992

Elimination des dechets dans les cimenteries, OFEFP, Suisse, 1994

(4): Elimination des dechets dans les cimenteries, OFEFP, Suisse, 1994

(5): calculated for a type of waste with a calorific value of 25000 kJ/kg

APPENDIX: 5
CRITERIA RELATED TO INDIVIDUAL TYPES OF WASTE

	PARAMETER
	UNIT
	VALUE
	MOST IMPORTANT INPUT DATA FOR CALCULATION
	REFERENCE



	GROUP 1:

	Minimum calorific value
	MJ/kg
	15
	average composition of waste: 40% organic, 35% ash and

25% H2O; 1100°C with 6% O2-excess; 10% energy loss
	

	GROUP 2:

	Cl
	%
	0.5
	limit HCl: 10 mg/Nm3; transfer: 100%; gas purification: 98%
	2

	S
	%
	0.4
	limit SO2: 50 mg/Nm3; transfer: 100%; gas purification: 92%
	2

	Br/I (1)
	%
	0.01
	limit HBr/HI: 5 mg/Nm3; transfer: 100 %; gas purification: 50 %
	3

	N
	%
	0.7
	limit NOx: 400 mg/Nm3; transfer: 20 %; gas purification: 0 %
	3

	GROUP 3:

	F
	%
	0.1
	dry process; transfer 100%; cal value waste 25 MJ/kg
	

	Be
	mg/kg
	1
	dry process; transfer 100%; cal value waste 25 MJ/kg
	

	Hg, Tl (1)
	mg/kg
	2
	dry process; transfer 100%; cal value waste 25 MJ/kg
	

	As, Se (Te), Cd, Sb (1)
	mg/kg
	10
	dry process; transfer 100%; cal value waste 25 MJ/kg
	

	Mo
	mg/kg
	20
	dry process; transfer 100%; cal value waste 25 MJ/kg
	

	V, Cr, Co, Ni, Cu, Pb, Mn, Sn (1)
	mg/kg
	200
	dry process; transfer 100%; cal value waste 25 MJ/kg
	

	Zn
	mg/kg
	500
	500 dry process; transfer 100%; cal value waste 25 MJ/kg
	

	ash content (excl. Ca, Al, Fe, Si)
	%
	5
	arbitrary
	


Notes:
(1): mentioned value applies to every metal or component separately

(2): EU-directive 94/67/EC
(3): Flemish regulation regarding general and sectorial environmental exploitation conditions for the industry Belgisch Staatsblad 31.07.1995



