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Abstract

Background. The Swiss chemical industry produces large
amounts of organic waste solvents. Some of these solvents can-
not be recovered. A common option for the treatment of such
organic waste solvents is the incineration in hazardous waste
incinerators. Alternatively, the waste solvents can be used as
fuel in cement production. On the one hand, solvent incinera-
tion in cement kilns saves fossil fuels such as coal and heavy fuel
oil. On the other hand, fuel-bound emissions may change as
well. These emission changes can either have a negative or a
positive net ecological impact, depending on the chemical na-
ture of the waste solvent used.

Goal and Scope. The aim of our work was to develop a multi-
input allocation model, which allows one to calculate life cycle
inventories for specific waste solvents. These LCIs can then be
used in further applications, e.g. a comparison of different waste
solvent treatment options.

Results and Discussion. A multi-input allocation model was de-
veloped that takes into account the physico-chemical properties
of waste solvents such as elementary composition and net calo-
rific value. The model is based on a set of equations and data on
fuel mix, fuel composition as well as transfer coefficients for
heavy metals. The model calculates 'avoided inputs' and 'changes
in emissions' which arise from substituting fossil fuels with waste
solvents. Life cycle inventories can be calculated for specific waste
solvents if the elementary composition and the net calorific value
are known. The application of the model is illustrated in a case
study on four waste solvents. The results show that solvent in-
cineration in cement kilns generally reduces the overall impact
of clinker production because fossil fuels are replaced. A sensi-
tivity analysis revealed that the model is especially sensitive to
the fuel mix and coal properties, such as net calorific value as
well as the content of nitrogen and carbon. The transfer coeffi-
cients are also uncertain, but this uncertainty is not relevant as
the amount of heavy metal emitted into the atmosphere is small.

Conclusions and Outlook. The proposed model serves to calcu-
late inventory data for the combustion of liquid alternative fu-
els such as waste solvents in cement kilns. Although our model
represents Swiss cement production conditions, it can be ap-
plied to other countries by fitting the most sensitive parameters
of fuel mix and coal properties. In case the technology used is
very different to the Swiss situation, the transfer coefficients
also need to be adapted.

Keywords: Alternative fuel; cement manufacturing; clinker pro-
duction; fuel substitution; inventory model; life cycle inventory;
multi-input allocation; waste solvent
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Introduction

The Swiss chemical industry produces large amounts of or-
ganic waste solvents every year. These solvents can often
not be re-used in chemical production processes because of
quality, logistic and economic reasons [1]. Organic waste
solvents that cannot be regenerated are generally inciner-
ated [2]. The largest part of these waste solvents is treated
in special waste solvent incinerators. In this process, the
impurities are transferred, depending on their physico-
chemical nature, into air, water or hydroxide sludge. This
transfer of impurities into different environmental compart-
ments (atmosphere, river, landfill) causes environmental im-
pacts. Besides those impacts, most of the organic waste sol-
vents have a high energy content, which is usually recovered
in the incineration process and used for steam and electric-
ity production [2]. This aspect causes an environmental
benefit as fossil fuels are saved. A model has been set up to
assess the environmental impacts of such incineration proc-
esses depending on the specific properties of the waste sol-
vents [2].

Waste solvents which are only contaminated to a small ex-
tent can also be incinerated in a cement kiln. There, they
serve as alternative fuels replacing fossil fuels such as coal
and heavy fuel oil. When substituting fossil fuels by waste
solvents, environmental impacts occur and/or are avoided
similarly to the waste solvent incineration process described
above. To assess those impacts, we propose a multi-input
allocation model which takes into account the properties of
the specific waste solvents. With this multi-input allocation
model, tailor-made life cycle inventories (LCI) can be calcu-
lated for every waste solvent. Those LCIs can then be used
to assess the specific environmental burdens/benefits which
arise when substituting fossil fuels in the cement manufac-
turing with a specific waste solvent.

Our model depicts the cement manufacturing situation in
Switzerland, but the transferability to other geographical
regions with other technologies and fuels is also discussed
in this article. Our approach can be used in combination
with a model for waste solvent incineration [2] that has been
developed within the same project. Such a joint application
may allow assessing and comparing different treatment op-
tions for waste solvents.
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1 Waste Solvent Incineration in the Swiss Cement Industry

1.1 Use of waste solvents as alternative fuel in the cement
industry

The Swiss cement industry produces nearly 4 million t ce-
ment per year [3]. The manufacturing of cement is very en-
ergy intensive. The energy requirement lies between 4200
and 5000 M]J/t of cement [4], whereof about 3500 M]J/t is
thermal energy used in the high temperature clinker burn-
ing process (see Fig. 2 in Section 1.2) [5]. Energy carriers
have traditionally been fossil fuels such as coal and heavy
fuel oil. More and more different kinds of wastes such as
waste oil, dried sewage sludge, plastic wastes or waste sol-
vents are used as alternative fuels in the cement industry. In
2002, the share of alternative fuels amounted to 47.8% of
the total thermal energy consumption. This fraction is sup-
posed to increase even more in future [3]. In Fig. 1, the de-
velopment of the fuel consumption in the Swiss cement in-
dustry is shown for the years 1996 to 2002.

percentage
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20% -
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Fig. 1: Fuels used in Swiss cement industry [3]

Waste solvent is a welcome alternative fuel for the cement
industry. It is comparably pure, easy to handle and it usu-
ally has a high energy content. The consumption of waste
solvent and distillation residues in the Swiss cement indus-
try was approximately 30,600 t/a in 2002, which is a share
of 13.6% of the total of alternative fuels [3]. This share has
been relatively constant in the last five years.

The use of wastes as alternative fuels in the cement industry
is strongly regulated in Switzerland. To ensure that the treat-
ment of wastes in cement manufacturing plants is 'ecologi-
cally meaningful' (e.g. the waste is really used for fuel sub-
stitution, does not lead to a dilution of contaminants, does
not cause any ecological follow-up problems), guidelines
were set up that have to be followed by the cement industry
[6]. According to these guidelines, alternative fuels such as
waste solvents must meet the limiting values of Table 1.

Table 1 only lists the data relevant to our model (for further
information see [6]). The values in Table 1 refer to wastes
with a net calorific value of 25 MJ/kg and have to be con-
verted correspondingly for wastes with different net calo-
rific values. In this paper, the term heating value always re-
fers to the net calorific value. There is a second set of limiting
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Table 1: Limiting values for the content of pollutants in wastes that are
used as alternative fuels in cement industry in Switzerland [6]

Element mg/kg (referring to a net
calorific value of 25 MJ/kg)

As 15

Cd 2

Cr 100

Cu 100

Hg 0.5

Ni 100

Pb 200

Tl 3

Zn 400

Organically bound halogens < 1w%

values that restrict the content of pollutants in the final ce-
ment product [6]. Those limiting values ensure, on the one
hand, the technical quality of the cement (e.g. solidification
behaviour). On the other hand, they define tolerable limits of
pollutants in the cement in order to protect humans and the
environment. If these limiting values (not listed in this paper)
are exceeded in the final cement product, the mass flow of the
wastes used in the production process must be reduced.

For technical reasons (e.g. accumulation of certain elements
in the kiln, corrosion), the cement manufacturing plants
additionally have internal standards for the use of alterna-
tive fuels. In Table 2 the standards from Holcim AG, which
is the leading Swiss cement producer, are given for liquid
alternative fuels [7]. Other companies can have different
standards depending on process and raw material [8].

Table 2: Limiting values for liquid alternative fuels from the internal tech-
nical standards of Holcim AG [7]

Net calorific value > 18 MJ/kg
Particles <2mm
pH >5

> Halogens < 1w%

S < 1w%
HO < 15w%

Tables 1 and 2 illustrate that the spectrum for possible wastes
is rather narrow. Nevertheless, waste solvents from the Swiss
chemical industry usually meet these standards as they are
only contaminated to a small extent [2] (this, of course, is
not the case for halogenated solvents). For illustration, the
average composition of the waste solvents used in the Swiss
plants of Holcim AG in the year 2001 is given in Table 3
(detailed data were only available for one plant but the sol-
vents incinerated in other plants have similar compositions).
Also for comparison, the composition of the waste solvent
mixture incinerated in a special waste solvent incineration
plant in the chemical industry is given [2]. These data have
been averaged for the years 1998 to 2001.
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Table 3: Typical composition of waste solvent incinerated in the Swiss plants of Holcim AG and average composition of waste solvents incinerated in a
waste solvent incineration plant in chemical industry. Values in percentage are percentage by weight. n.a.: data not available, n.d.: not detectable

Substance / NCV Unit Waste solvent in cement manufacturing plant Waste solvent in waste solvent
incineration plant

C % n.a. 47.7

H % n.a. 8.2%

o] % n.a. ca. 20

H.O % 10.3 16.5

N % n.a. 1.0

S % n.a. 0.7

P % n.a. 0.06

Cl % 0.32 2.4

Br ppm 200 2500

| ppm n.a. 130

As ppm 2 n.d.

Cd ppm 0.1 n.d.

Co ppm 25 41

Cr ppm 1.9 n.d.

Cu ppm 4.1 6.2

Fe ppm n.a. 85

Hg ppm 0.1 n.d.

Ni ppm 2.1 4.6

Pb ppm 2.6 n.d.

Tl ppm 0.5 n.d.

Zn ppm 18 57

Net calorific value MJ/kg 26.5 21.7

¥ Without elements bound in water.

® The content of oxygen is not measured. The mass balance gives that the sum of oxygen and rest (alkaline metals) must be 23.1%.

1.2 Technology description of cement manufacturing

The core process in cement manufacturing is the pyroprocessing
of raw materials containing mainly calcium carbonates and
silica to produce clinker (e.g. [9]). The clinker amounts to about
95% of the cement. The cement manufacturing process is
schematically shown in Fig. 2. The raw materials of limestone
and marl extracted by mining (1) are transported to the ce-
ment plant where they are ground and dried (2) to produce
the raw meal. Alumina and iron oxides may be added as addi-
tives. The raw meal is then preheated by hot kiln gases (3)
before it is inserted into the rotary kiln (4). In the rotary kiln
the raw meal is calcined and sintered at temperatures up to
1450°C (flame temperature 2000°C) to yield the clinker. Large
amounts of coal, heavy fuel oil or alternative fuels are used to

create these high temperatures. After cooling (6), the clinker
produced is mixed with additives such as gypsum and ground
into cement in the finishing mill (7). This part of the process
does not need any thermal energy and is therefore not taken
into account in this study. From now on we will therefore talk
about clinker rather than cement production.

Usually rotary kiln technology is used for clinker produc-
tion (except for China and India where vertical shaft kilns
are more common [10]). The process is further differenti-
ated in wet, semi-wet, semi-dry and dry processes [9]. In
Switzerland, five dry processes (suspension preheater kilns)
with a total of 3,220,000 t/a capacity and four semi-dry
processes (Lepol kilns) with a total of 820,000 t/a capacity
were in operation in 2002 [3].

Fig. 2: Scheme of the cement manufacturing process [7]

122

Int J LCA 10 (2) 2005



LCA Methodology

Multi-Input Allocation

All of the clinker production plants operating in Switzer-
land have flue gas cleaning technologies such as electrostatic
precipitators or bag filters (5). Some also have SO,-removal
technologies such as wet scrubbers, DENOX equipment such
as selective non-catalytic reduction (SNCR), or active coke
filters. The installation of those special flue gas cleaning de-
vices is rather a function of the raw material properties (e.g.
sulphur content of the rock) and does not reflect the 'degree
of modernity' of a plant [5]. The flue gas cleaning technolo-
gies are not affected by the kind of fuel used and were there-
fore not modelled separately in our model.

There are only two output streams from the clinker produc-
tion process: clinker and flue gas that is released into the at-
mosphere after having passed the flue gas cleaning. Ashes,
arising from the fuel incineration process, are completely in-
corporated in the clinker. Residues from flue gas cleaning (fil-
ter dust, gypsum, active coke) are re-fed into the rotary kiln.

2 Model Decisions and Used Model Data
2.1 Technology model

The model developed in this paper shall represent the Swiss
cement manufacturing landscape. Single plants are not of in-
terest as the model will not deal with the incineration of waste
solvents in specific plants. Therefore, the best model would
have been an average of all existing Swiss clinker production
plants. As it was not possible to get data for all clinker pro-
duction plants in Switzerland (in 2002, four companies were
operating eight clinker production plants in Switzerland [3]),
we focused on the kilns of Holcim AG (five plants). These
kilns cover 55% of the total Swiss clinker capacity and 59%
of the total amount of waste solvent used in 2002, and are
therefore a reasonable representation of the Swiss clinker pro-
duction situation. Three of the Holcim kilns are suspension
preheater kilns (total capacity of 1,970,000 t/a), two of them
are Lepol kilns (total capacity of 400,000 t/a). The plants
included in our study are listed in Table 4.

Furthermore, we assume that the waste solvent only substi-
tutes fossil fuels (coal and heavy fuel oil) and that there is no
substitution of other alternative fuels used. In rare cases there
are substitutions of alternative fuels, e.g. the substitution of
animal meal by sewage sludge [7]. As this is performed be-
cause of raw material composition reasons (sewage sludge,
for example, contains less of the compound P,O; which is
critical to the technical process), we will not consider sub-
stitutions of alternative fuels in this paper. The base case for
our model is the substitution of coal and heavy fuel oil ac-

cording to the fuel mix used in the Swiss Holcim plants (see
Table 5). In reality, however, heavy fuel oil is often substi-
tuted first for economic reasons. Only when there is no fuel
oil left is coal substituted as well. This case will be looked at
for sensitivity contemplation (Section 4.4).

Fuel substitution can affect the total energy consumption of
the process. Some of those effects are included in our model;
those of minor importance are neglected. When waste sol-
vent is used instead of fossil fuels, there might be a change
in total electricity consumption. This is due to the electricity
consumption for grinding the coal, for example, which is no
longer necessary when using waste solvents instead. Another
change might occur from an increase/decrease in the flue
gas volume (per energy unit) when using a fuel substitute.
The flue gas volume influences the electricity consumption
of the suction fan. In our model, though, we neglect the
influence of fuel substitution on electricity consumption.
There might also be an effect on total thermal energy con-
sumption of the process when using waste solvents instead
of fossil fuels. Thermal energy is e.g. used for drying the
coal or for pre-heating the heavy fuel oil. This energy is not
necessary when using waste solvents as fuel. This change in
thermal energy consumption (or total energy efficiency of
the process) is not modelled either as it is assumed to be of
minor importance. On the contrary, the influence of the water
content of the waste solvents on energy use is considered.
Studies on the use of dried sewage sludge as alternative fuels
in the cement industry [11] have shown that the influence of
heating the water contained in the alternative fuels may be
significant. Holcim AG uses a corrective factor that takes
into account the reduction in energy efficiency for wastes
with high water content. This aspect is included in our model.

Furthermore, we assume the fuel substitution does not af-
fect any raw material input. In reality, raw materials and
fuels have to be matched to meet the defined clinker specifi-
cation. If large amounts of coal were substituted by waste
solvents, for instance, there would be an extra need of min-
eral materials which otherwise would have been brought in
by the ash of the coal. Such effects on raw material input are
not included in our model.

Last, we assume the clinker quality is not affected by fuel
substitution. However, a change in clinker composition
should be taken into account when modelling the influence
of the disposal of cement used (e.g. after deconstruction of a
building) in a landfill. This will be done in a sensitivity analy-
sis in Section 4.4.

Table 4: Technological description of the five clinker production plants operated by Holcim AG in Switzerland in 2002

Plant name Capacity in t/a Kiln technology Flue gas treatment technology
Brunnen 150,000 Lepol Electrostatic precipitator

Eclepens 530,000 Suspension preheater Bag filter, DENOX

Siggenthal 620,000 Suspension preheater Electrostatic precipitator, DENOX, active coke filter
Thayngen 250,000 Lepol Electrostatic precipitator, DENOX
Untervaz 820,000 Suspension preheater Electrostatic precipitator, DENOX dry scrubber

Int J LCA 10 (2) 2005
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2.2 Fuel mix and fuel composition

For our model, we need information on the fuel mix and on
the fuel composition. Data used in our model mainly stem
from the five plants under study. Where no data was avail-
able from Holcim AG, we completed it by using published
data. Data on the fuel mix were available for the years 2000
to 2002 for all five plants. An average was calculated over the
five plants and over the three years, and is given in Table 5
The minimum and maximum values are given as further
information to allow sensitivity calculations. Furthermore,
the average heating values for the coal and heavy fuel oil, as
well as the minimum and maximum values, are presented in
Table 5. Data for the composition of coal and heavy fuel oil
used for clinker production are presented in Table 6.

2.3 Transfer coefficients for heavy metals

Changes in heavy metal emissions, which may occur by fuel
substitution, are modelled with the help of transfer coeffi-
cients. We use the general definition for transfer coefficients
(Eq. 1), which was described, for example, in [16]:

tc; ; = a (1)

where

tc;; is the transfer coefficient of the element i to the output j;
tc 1s dimensionless,

A, is the element flow of element i via the output j in kg/a,
A . 1s the element flow of element i via the waste input in kg/a.

As described above, there are only two mass streams that
have to be taken into account in the clinker production proc-
ess: clinker and flue gas. This gives a simple model for the
transfer processes (Fig. 3). Accordingly, only two transfer
coefficients were calculated: tc; for the flue gas and tc;
+tc, =1 holds.

Transfer coefficients were received from Holcim AG from
the five plants under study. The coefficients are based on
measurement data of several years prior to 2002. The trans-
fer coefficients for every element were averaged over the

i, flue gas

uinke: for the clinker. The relation £C; flue gas + TCi, clinker =

tcl!flut'-_\ gas
. Flue gas Atmosphere
Kiln and
Element i flue gas
treatment
tc|!c||nker
Industry
D Flow of elements

Fig. 3: Transfer model for the clinker production process

Table 5: Fuel mix and net calorific values for the five Holcim AG plants in the years 2000 to 2002

Fuel mix [weight%] Average Min Max
Coal 50.0 20.2 70.4
Heavy Fuel Ol 9.0 0 23.0
Alternative Fuels 41.0 11.5 68.6
Net calorific value [MJ/t] Average Min Max
Coal 25,793 23,220 33,040?
Heavy Fuel Oil 40,396 40,000 40,614

3 The high maximum value is due to the use of pet coke in one of the plants. Pet coke is not looked at separately in our model but treated as a fossil

fuel equal to coal.

Table 6: Composition of heavy fuel oil and coal used in this paper [5]. For heavy fuel oil no minimum or maximum values were available. n.a.: not
available, n.d.: not detectable

Composition Unit Coal Heavy fuel oil
Average Min Max Average

C % 732 84"

N % 1.3 n.a. n.a. 0.44 %

S % n.a. n.a. n.a. 0.83°%

P % n.a. n.a. n.a. Traces 9

Halogens gt n.a. n.a. n.a. Cl:209

others: n.d.

As g/t 30 9 50 0.8

Cd g/t 0.24 0.1 10 2

Cr git 43 5 80 1

Cu g/t 37 30 44 3

Hg glt 0.42 0.1 33 0.006

Ni ght 50 20 80 15°

Pb gt 140 11 270 3.5

Tl ght 0.63 0.2 4.0 nd.9

Zn g/t 118 16 220 0.99

¥ Data from [12]; ® Data from [13]; © Data estimated from [14]; 9 Data from [15]; ® Data from Holcim AG
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Table 7: Transfer coefficients for the transfer of heavy metals from fuel into flue gas (tc,
(Table 4) were averaged. The minimal and the maximal values are also given

1flue gas)- 1N€ transfer coefficients from the five plants under study

Elements / Transfer coefficients [%] Average Min Max
As? 0.01 0 0.01

Cd 4.32 0 7.35
Cr 0.01 0 0.02
Cu 0.01 0 0.02
Hg 24.96 0.10 46.4
Ni ¥ 0.001 0 0.002
Pb 0.21 0 0.64
T 2.81 0 6.13
Zn 0.18 0 0.85

3 Data taken from [17]

five plants to give an average transfer coefficient. Where no
data were available from Holcim (arsenic, nickel), data were
taken from [17]. In Table 7, the coefficients for the transfer of
heavy metals into the flue gas are given. We have not listed the
transfer coefficients for the clinker as they can be calculated

easily from the flue gas coefficients (tc; e = 1 -t fe gas)-

3 Model Description

The multi-input allocation method presented in this paper
calculates the savings of fossil fuels and the changes in at-
mospheric emissions, which result from the substitution of
fossil fuels by waste solvents. Input parameters for the
method are the properties of the waste solvent under study
such as amount, net calorific value and elementary compo-
sition. The result of the calculation is an LCI for a specific
waste solvent that is used as an alternative fuel in a clinker
production process. In Section 3.1, the amounts of fossil
fuels substituted by waste solvents are calculated. They are
listed as 'avoided input' in the LCI (see Table 9 in Section
4.2). In Section 3.2, the changes in the atmospheric emis-
sions that are caused by the substitution of fossil fuels are
calculated. They are listed as 'changes in output' in the LCI.

3.1 Savings of fossil fuels

The savings of fossil fuels are calculated with a heat bal-
ance. It is assumed that the amount of energy introduced by
the waste solvent substitutes the equal amount of energy
which otherwise would have been provided by the conven-
tional fuel mix, i.e. coal and heavy fuel oil (Eq. 2). The pro-
portion of coal to oil is assumed to remain constant (Eq. 3).

% —_ *
Mwastc solvent chwastc solvent — Mfucl oil chfuel oil (2)
+ Mcoal * NCVcoal
Mcoal / Mfuel oil = Pcoal / Pfuel oil = constant, for Pfuel oil (3)
and P #0
where

M is the mass of fuel in t,
NCV is the net calorific value in MJ/t and
P is the proportion in the original (fossil) fuel mixture in %.
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The amount of coal and fuel oil saved can be calculated by
combining Eq. 2 and 3 (Eq. 4 and 5):

Mcoal = (Mwaste solvent * NCVwaste solvent) / (NCV coal (4)
+ Pfuel oil / Pcoal * chfuel oil)
Mfuel oil = Mcoal * Pfuel oil / Pcoal (5)

In the case one wants to calculate the substitution of heavy
fuel oil, only (M, = 0) or coal only (M, .; = 0) Eq. 2
simplifies to Eq. 6 and 7, respectively:

* NCV

(M I NCVier 01 (6)

fuel oil — waste solvent waste solvent)

Mcoal = (Mwaste solvent * chwaste solvent) / NCVcoal (7)

If the waste solvent contains water, some of the energy will
be 'lost' for heating and evaporating this water in the kiln
(note: This must only be considered when the water content
is not included in the heating value, which would be the
case when the heating value is calculated by an approxima-
tion formula, e.g. with the formula of Dulong [14]). This
aspect is considered in our model by calculating an effec-
tive, net calorific value NCV g, that represents the effective
amount of energy at disposal for clinker production. For
this purpose, Holcim AG uses a corrective factor of 2500
M]J per tonne of water [7]. This factor includes the heating
and evaporation of water. The effective net calorific value is
calculated with Eq. 8:

NCVwaste solvent, eff = NCV

#2500 MJ/t

Mo /M

waste solvent waste solvent

(8)

where My, is the mass of water in t/t waste solvent.

For waste solvents that contain water, NCV__ .. coivent. eff
should be used in the equations given above instead of
NCV

waste solvent*
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3.2 Changes in atmospheric emissions

One of the most important emissions in the clinker produc-
tion process is CO,. About 40% of the CO, production in the
clinker production process originate from the incineration of
fuel, about 60% come from the calcination of the raw mate-
rial [4]. When substituting conventional fuel with waste sol-
vents, a change in CO, emission can occur due to different
carbon contents per heating value. The 'delta’-CO, emissions
created can either be negative or positive, depending on the
carbon content of the waste solvent. In our model we calcu-
late CO, emissions from the carbon contents of the fuels, as-
suming a 100% conversion from C to CO,. Eq. 9 quantifies
the change in CO, emission (ACO, in kg CO,) considering
that 1 kg of C gives 3.67 kg of CO, stoichiometrically.

M_ *C

coal

ACOZ = (Mwaste solvent * C
- Mfuel oil * Cfuel oil) *3.67

waste solvent coal

where

M is the mass in t and
C is the carbon content in kg C/t fuel.

Another important emission in the clinker production proc-
ess is NO_. NO, mainly originates from oxidation of the
atmospheric nitrogen (thermal NO,) and partly from the
nitrogen being present in the fuel (fuel NO,). Thermal NO_
is supposed to make up 70% or more of total NO_ [18].
Nevertheless, in our model, only the fuel NO_ has to be
considered, as only this kind of NO_ is influenced by a fuel
substitution. The change in NO_ emission (ANO,) is calcu-
lated in the same way as the ACO,. For the conversion of N
to NO,, an individual conversion rate for every fuel is as-
sumed. The conversion of fuel nitrogen to NO, depends on
the kind of fuel and on the amount of nitrogen being present
in the fuel. Considering the values of 1.3% N in coal and
0.44% N in heavy fuel oil (see Table 6), the conversion rate
for coal is 35% and the rate for heavy fuel oil is 65% [19].
For waste solvents, we assume an average conversion rate
of 85%, which corresponds to the average conversion rate
for N in light fuel oil [19]. The conversion rate, however,
may be lower when the N content of the waste solvent is
high. Furthermore, our model takes into account the fact
that, with the plant mix of Table 4, 50% of NO_ are re-
duced on the average [7]. With this conversion rate, the NH,
slip is negligible [7], so NH; emissions are not taken into
account in our model. Eq. 10 quantifies the change in NO_
emission (ANO_ in kg NO,), considering that 1 kg of N
gives 3.29 kg NO_ stoichiometrically.

ANOX = (Mwaste solvent i Nwaste solvent * Rwaste solvent — Mcoal ( 1 0)
* Ncoal * Rcoal - Mfuel oil i Nfuel oil i Rfuel oil) *0.57%3.29
where

N is the nitrogen content in kg N/t fuel and
R is the conversion rate in %.
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Other heteroatoms from the fuel such as S and P or the halo-
gens are transferred and bound in the clinker to 100% [5].
Emissions of e.g. SO,, P,O; or hydrogen halogenides are
therefore not affected by a fuel substitution and were not
included in our model. Note that this transfer of 100% is
only valid for heteroatoms, which originate from the fuels.
Heteroatoms that enter the kiln with the raw material have
another fate and may cause atmospheric emissions. Emissions
such as particulate matters, CO or volatile organic compounds
are assumed not to be influenced by a fuel substitution with
waste solvents, and were therefore not modelled.

When substituting conventional fuel with waste solvents a
change in heavy metal emission can occur due to differences
in heavy metal contents of the fuels. The 'delta'-emission
created can either be negative or positive, depending on the
heavy metal load of the waste solvent. To calculate the trans-
fer of heavy metals into the flue gas, the transfer coefficients
from Table 7 are used. The changes in heavy metal emis-
sions (AHM in mg) are calculated with Eq. 11:

AHM = (Mwaste solvent *HM M HM

- Mfuel oil i HMfuel oil) g

i, flue gas

waste solvent coal coal

(11)

where

M is the mass of fuel in t,

HM is the heavy metal content in mg/t fuel,

tc is the transfer coefficient for heavy metals into the flue
gas and

i is the respective heavy metal element.

4 Application of the Method to a Case Study
4.1 Goal and scope

To illustrate the applicability of our multi-input allocation
model and to discuss quality and uncertainties of the model,
we applied the model in a case study. For this purpose, four
hypothetical waste solvents were assumed with a broad spec-
trum of properties (Table 8). First, a waste solvent with a
high net calorific value and a low grade of impurity was
chosen (pure toluene). This waste solvent represents a 'best
case fuel substitute'. As a 'worst case fuel substitute', a waste
solvent with a rather low net calorific value and the maxi-
mum amount of pollutants (according to Table 1) was cho-
sen (ethanol loaded with heavy metals). The third waste sol-
vent represents a solvent mixture which, alternatively to the
use as fuel in clinker production, could be recycled by distil-
lation (ethyl acetate mixed with 5% water). The fourth sol-
vent is a chlorinated solvent with, according to Holcim AG
standards, a maximum load of chlorine (butanol with 1%
methylene chloride). Net calorific values for the solvents were
taken from [20]. The functional unit is the use of one tonne
of waste solvent as an alternative fuel for clinker produc-
tion in Switzerland.
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Table 8: Elementary composition and net calorific values of the four theoretical waste solvents

Substance / NCV Unit Toluene Ethanol with traces of Mixture of 95% ethyl 99% 1-butanol with 1%
heavy metals acetate and 5% water methylene chloride

C kg/t 913 522 518 643

H kg/t 87 130 86 134

(0] ko/t - 348 346 214

H.O kg/t - - 50 -

Cl kg/t - - - 9

Cu gt - 100 - -

Ni gt - 100 - -

Zn gl - 400 - -

Net calorific value MJ/ 40,500 26,900 22,230 33,100

4.2 Life cycle inventory analysis

The specific LCIs were calculated with Equations 4, 5 and
8-11. Data for fuel properties and transfer coefficients were
taken from Tables 5 to 7. The results are presented as 'avoided
input' and 'changes in output' in Table 9. The numbers in
brackets in Table 9 refer to the gross emissions of solvent in-
cineration. The incineration of one tonne of toluene, for in-
stance, produces emissions of 3,350 kg of CO,. Subtracting
the emissions saved from fuel substitution (3,960 kg CO,)
leads to net CO, emissions of 610 kg (A CO, in Table 9).

The amount of substituted fossil fuels depends on the net
calorific value of the waste solvent under study. One tonne
of toluene (net calorific value of 40,500 M]/kg) substitutes
1.22 t of coal and 0.22 t of heavy fuel oil. By contrast, one
tonne of the ethyl acetate/water mixture (calculated effec-
tive net calorific value of 22,105 M]/kg) substitutes only
0.67 t of coal and 0.12 t of heavy fuel oil. The proportion of
coal to heavy fuel oil is constant for all waste solvents.

In all four cases, the fuel substitution leads to savings in CO,
emissions (shown by a negative value). The respective amount
depends on the C content and on the net calorific value of the
waste solvent. This effect can be well observed in the case of the

ethanol and the ethyl acetate. The C content of the two solvents
is similar (52.2% and 51.8%, respectively), but the effective net
calorific value differs (26,900 MJ/t and 22,105 M]J/t, respec-
tively). The higher C content and the higher net calorific
value lead to savings in CO, emission, which are almost
three times higher for ethanol than for ethyl acetate (<715 kg
and -261 kg, respectively). NO, emissions are also saved in
all four cases. This results from the fact that none of the waste
solvents under study contains N. The chlorine from butanol/
methylene chloride does not appear in the LCI. That is be-
cause the transfer of chlorine to the atmosphere is zero in our
model. Regarding the heavy metals, there is a reduction of
emissions in nearly all cases when using waste solvent in-
stead of fossil fuels. Only the case of ethanol loaded with
the maximally allowed amount of heavy metals (according
to Table 1) did the changes in emissions lead to a positive net
effect for Cu, Ni, and Zn. To summarize, we can deduce from
the inventory data that the incineration of solvents clearly leads
to a net environmental benefit in all cases but one, in which
the solvent was heavily contaminated with heavy metals. In
this latter case, there is a trade off between additional heavy
metal emissions from the solvent combustion and the impacts
avoided through fuel substitution.

Table 9: LCI for the use of one tonne of waste solvent as alternative fuel for clinker production in Switzerland. The results are rounded to three relevant
digits. The numbers in brackets refer to the gross fuel-related emissions from solvent incineration in the kiln, before subtraction of emissions avoided
through the substitution of fossil fuels. Process-related emissions were not considered as they are independent of the fuel used

Fuel / Emission Unit Toluene Ethanol with traces of Mixture of 95% ethyl acetate 99% 1-butanol with 1%
heavy metals and 5% water methylene chloride

Avoided Input

Coal t 1.22 0.81 0.67 1.00

Heavy fuel oil t 0.22 0.15 0.12 0.18

Changes in Output

A CO» kg —610 (3,350) -715(1,910) —261 (1,900) —877 (2,360)

A NOy kg -10.2 —6.77 —-5.56 -8.33

A As mg -3.69 -2.45 -2.02 -3.02

ACd mg -31.7 -2141 -17.3 -25.9

A Cr mg -5.29 -3.51 -2.89 —4.32

ACu mg —4.60 +6.95 (10.0) -2.51 -3.76

A Hg mg -129 -85.5 -70.3 -105

A Ni mg —0.65 +0.57 (1.00) —0.35 —0.53

APb mg -362 —240 -197 —296

ATI mg -21.7 -14.4 -11.8 -17.7
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Fig. 4: Eco-profiles of the four waste solvents under study. Assessment method: Eco-Indicator 99, hierarchist type. Results are given in milli-Eco-points
(mPt). Only those fuel-related emissions were assessed that may change as a consequence of fuel substitution (Table 9)

4.3 Life cycle impact assessment

To evaluate the LCIs of the four solvents, the assessment
method Eco-Indicator 99, hierarchist type, was used [21]. Here,
we only show and discuss the aggregated results for reasons
of brevity. All substances from the calculated LClIs (see Table
9), except for thallium, are covered by this assessment method.
Background inventories for the fossil fuels were taken from
[12]. For coal, the inventory "hard coal mix, at regional stor-
age, UCTE" was applied and the inventory "heavy fuel oil, at
regional storage, CH" was applied for heavy fuel oil.

In Fig. 4 the environmental impacts of the four waste sol-
vents are shown. The results are subdivided in 'emissions
from solvent incineration’, 'avoided emissions from the in-
cineration of fossil fuels', and 'avoided resource consump-
tion of fossil fuels'. A negative value is equivalent to an
avoided environmental impact (benefit), while a positive
value means a negative environmental impact (burden).

The substitution of fossil fuels with waste solvents has a
positive net effect on the environment (shown by a negative
net environmental impact) concerning all four solvents. The
extent of the effect depends on the properties of the waste
solvents. With the assumed fuel mix (see Table 5), 49% of
the savings in fuel consumption come from coal and 51%
from heavy fuel oil. Savings in NO_ and CO, dominate the
net avoided emissions from the kiln (emissions of solvent
incineration minus saved emissions of fossil fuel combus-
tion). NO_ makes up between 82% and 91%, CO, between
8 and 17% of the impacts of the net avoided emissions for
the waste solvents under study. Heavy metals play a minor
role in all of the examined waste solvents. The share of the
avoided emissions lies between 0.3 and 1.1%.

4.4 Sensitivity analysis

The solvents considered in this case study cover a broad spec-
trum of possible waste solvent properties and therefore repre-
sent the model in a reasonable way. In this section, we discuss
the influence of the used model data (sensitivities). Model de-
cisions and model uncertainties will be discussed in Section 5.
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We expected one of the biggest sensitivities in the model to
come from the fuel mix. Therefore, we looked at what hap-
pens, when only heavy fuel oil is substituted instead of the
fuel mix. This case represents the present situation in the
Swiss cement industry. On the one hand, heavy fuel oil is
scarcer than coal (Eco-Indicator 99, hierarchist perspective,
counts with 188 mPt/t for heavy fuel oil compared to 31.8
mPt/t for coal; of these scores, 171 mPt and 10.1 mPt, re-
spectively, account for resource consumption). On the other
hand, the net calorific value of fuel oil is higher than the net
calorific value for coal (40,400 M]J/t for heavy fuel oil com-
pared to 25,800 MJ/t for coal). A substitution of heavy fuel
oil therefore leads to a smaller total amount of substituted
fossil fuels. Those two effects are opposite. Using Eco-indi-
cator 99, hierarchist perspective, the net benefit of substi-
tuting the fuel mix was -80.5 mPt per t toluene and the net
benefit of substituting heavy fuel oil was -188 mPt. The fuel
mix therefore appeared to be of importance if the Eco-indi-
cator 99, hierarchist perspective, was used. Using the egali-
tarian perspective of Eco-indicator 99, we get similar re-
sults. By contrast, in the individualist perspective, resource
consumption of fossil fuels is not accounted for. Therefore,
the net benefit of substituting the fuel mix would be higher
than that of substituting only oil.

The next aspect to be discussed is the variation in the net calo-
rific values of the fossil fuels. In our model we used the aver-
age net calorific value for coal and heavy fuel oil from all five
plants. The net calorific value of the heavy fuel oil only varies
slightly (see Table 5). Calculations showed that the influence
on the results is negligible (less than 1 mPt per tonne of waste
solvent). The net calorific value of coal varies more. The influ-
ence was between 11 and 23 mPt per tonne of solvent for the
minimum and maximum value. This uncertainty should be
taken into account when using this model.

A further source of uncertainty comes from the composi-
tion of the fuels and from the transfer coefficients. Those
influences will be discussed by looking at the emissions CO,,
NO, and heavy metals. As no information on the carbon
content of the fuels was available from Holcim AG, pub-
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lished data were used. This is no problem for heavy fuel oil
as the C content is relatively constant [13]. The carbon con-
tent of coal, however, varies more [22]. As the influence of
coal is much larger than the influence of heavy fuel oil for
the given fuel mix (mix of fossil fuels in our model: 85w %
coal and 15w% heavy fuel oil), this parameter should be
treated more carefully. A variation of the carbon content of
+10% resulted in a change of CO, emission of =1.7 mPt for
toluene (which is the waste solvent with the highest C con-
tent among the solvents considered here). Compared to the
original environmental impact of 3.4 mPt for CO, emis-
sions, this is an effect of £50%. Although the influence on
the final result is not large in the study presented, this effect
should not be neglected (especially when using assessment
methods that put less weight on resource consumption).

NO, was seen to be an important parameter in the presented
case study. This is, of course, also due to the fact that none of
the waste solvents under study contain N. Principally, the same
can be said for nitrogen as that which has already been dis-
cussed for carbon. Due to the higher proportion of coal in the
fuel mix and due to a high variation in nitrogen content of
coal [22], the nitrogen content of the coal is a sensitive param-
eter. Furthermore, little information is available on the NO_
formation (e.g. conversion rates) from fuel N in the cement
production. In our case study, the share of NO_ emission on
the whole impact amounts to about 25%. Therefore, nitrogen
in coal should be regarded as a sensitive parameter.

With respect to heavy metals, waste solvents from chemical
industry do not contain detectable amounts of the elements
As, Cd, Cr, Hg, Pb and Tl [2]. Therefore, the savings for those
elements are maximal. Toluene, which has the maximum sub-
stitution effect due to the high net calorific value, avoided an
environmental impact of =0.35 mPt concerning the sum of all
heavy metal emissions to air. For emissions of Cu, Ni and Zn
to air, the maximum effect was shown for ethanol (0.12 mPt).
Neither the transfer coefficients nor the variation in fuel com-
position show a variation that is expected to have a large in-
fluence on the heavy metal emission. We therefore expect no
large influence on the final result from the heavy metal emis-
sions to air. Emissions of heavy metals to water after clinker
disposal were not quantified in this work. In the case study,
such emissions would only increase the avoided impact since
the substituted fossil fuels contained heavy metals while the
solvents did not, except for the heavy metal contaminated
ethanol. The general results would therefore only be rein-
forced. Concerning ethanol, the maximal additional impact
would amount to 1.8 mPt, if it were assumed that all Cu,
Ni, and Zn would be released from the clinker in the long
run (worst-case assumption). This impact score is not sig-
nificant with respect to the overall impact. Moreover, it would
be compensated by the avoided emissions of such other met-
als as As, Cd, Cr, Hg, Pb, and TI.

5 Discussion

The proposed model allows calculating inventory data from
incinerating alternative fuels such as waste solvents in a
clinker production kiln. Our aim was to depict the Swiss
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cement production landscape. Therefore, we chose to set up
an average model representing the Swiss technology mix of
clinker production processes. Alternatively, a technology-
specific model such as presented in [23] could have been
developed. In such a model, plants are grouped in different
classes according to the technology used. This allows a more
flexible application with regard to other geographical re-
gions with different technology mixes. However, in our case,
such a technologically-specific model could not be devel-
oped because every plant had a unique combination of kiln
technology and flue gas treatment technology so a grouping
was not possible. A classification according to the kiln tech-
nology only (suspension preheater or Lepol) would have
given a wrong representation as the flue gas treatment tech-
nologies have a larger influence on the transfer of pollutants
than the kiln technology itself [7]. A classification accord-
ing to the flue gas treatment technology was not taken into
account since all gas purification systems differed from each
other. Therefore, a modular model for different types of kilns
and flue gas treatment technology could only have been set
up on the basis of theoretical calculations [17], but not on
measurement data, as used in this study.

Strictly spoken, our model is therefore only valid for the
five Swiss plants of Holcim AG. However, the model can
easily be applied for the whole of Switzerland, as the condi-
tions are very similar for the other plants. When the model
is used for other geographical regions, a fitting of the fuel
mix and the coal composition might be necessary as those
parameters are seen to have the largest influence in our
model. If the technology used in the region under study is
very different to the Swiss situation, the transfer coefficients
for heavy metals might also have to be adjusted. For in-
stance, when raw materials are processed that require spe-
cial treatment of the flue gas (e.g. a scrubber) or when other
kiln technologies predominate (e.g. more wet processes), this
will influence the transfer coefficients.

Our model was only designed for waste solvents or similar
wastes (liquid, low contamination). An extension of our
model to other types of waste has to be done with caution
because the incineration of some wastes, e.g. solids with high
ash content, can influence the raw material input. In some
cases, a substitution of raw materials is even the primary
aim of using waste materials in clinker production. For in-
stance, Jacobs [24] investigates the technical feasibility of
substituting mineral materials in cement production, such
as limestone or sand, with thermally treated slag from the
incineration of municipal solid waste. LCA is a suitable tool
to assess such substitution of natural resources with waste
materials. However, the present model needs to be adapted
before it can be used for solid waste materials, as the substi-
tution of raw materials has not been considered in the cur-
rent version.

Our model is based on linear relationships for the savings of
fossil fuels and changes in emissions. Linear modelling is
the state of the art in LCA for multi-input allocation model-
ling (e.g. [23]). Furthermore, we assumed that the composi-
tion of the waste solvent does not influence the transfer co-
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efficients. This is the common approach used for multi-in-
put allocation modelling in LCA. In reality, the transfer of
an element depends on other elements being present in the
waste and on the chemical compound in which it is bound.
However, since information about those interdependencies
is not available, our approximation is to use constant trans-
fer coefficients.

In order to roughly validate the transfer coefficients of our
model, we compared them to transfer coefficients from
municipal solid waste (MSW) incinerators. We chose MSW
incinerators as a reference, as these have a similar gas puri-
fication system to the clinker kilns of Table 4: The flue gas
cleaning technologies of the MSW grate incinerators we
looked at ranged from electric precipitators only to modern
gas purification systems with SO,-removal, DENOX, and
active coke filter [23]. The average transfer coefficients of
our model were within the range of values of transfer coef-
ficients of waste incineration plants. Also the minimum trans-
fer coefficients of below 0.1% seem to be plausible for plants
with modern gas purification systems including active coke
filter, for all elements considered.

The results from the case study showed that solvent incin-
eration in clinker kilns generally has a net environmental
benefit, at least if the heating value (and therefore the amount
of substituted fossil fuel) is sufficiently high and the pollut-
ant content is small. This is fortunate, although it would be
rash to conclude that all chemical solvents should be incin-
erated in cement kilns. This is because the regeneration of
solvents or the incineration in special waste solvent incin-
erators may also lead to net environmental benefits, as has
been shown in case studies [2,25]. To identify the optimal
waste solvent management strategy, further models for other
treatment and recycling options of waste solvents are needed.
One such model for solvent incineration in special solvent
incineration plants has already been set up [2]. Another
model for the regeneration of solvents from mixtures is cur-
rently under development. The final goal is to provide a set
of tools that help the chemical industry to decide which waste
management strategy is most suitable for a given (mixture
of) waste solvent. The model presented in this paper is one
building brick towards this goal.
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