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VDZ, IKN and HeidelbergCement (HC) have designed, con-

structed and operated the world's first oxyfuel clinker cooler 

prototype ever tested in an industrial environment. The ex-

periment was performed within the Horizon 2020 CEMCAP 

project, which aims to promote the readiness of technologies 

for CO, capture in cement plants. The focus of this paper 

lies on the design and operation of the prototype. The main 

technical specifications of the prototype are described and 

experimental challenges are discussed. A comprehensive 

list of lessons learned during the trials is presented to give 

guidance for the future design of prototype or industrial-scale 

oxyfuel clinker coolers. The control of moisture and dust load 

of the recirculated cooling gas as well as of false air ingress 

may plag a relevant role in the design of future oxyfuel clinker 

coolers and the application of CO, capture in cement plants. 

An exact determination of the heat transfer rates in a CO3-

rich atmosphere by clinker cooling curves will require further 

investigation with full industrial-scale equipment. Clinker 

samples were taken during the trials for subsequent analysis 

and determination of the influence of the cooling gas com-

position on clinker chemistry. The experimental results of the 

effects of the oxyfuel cooling medium on clinker quality will 

be presented and discussed in a second article which will be 

published soon in this journal.  1 

Die Projektpartner VDZ, IKN und HeidelbergCement (HC) 

haben den ersten Prototyp eines Oxyfuel-Klinkerkühlers ent-

wickelt, gebaut und in industrieller Umgebung getestet. Der 

Versuch wurde im Rahmen des Forschungsprojekts CEM-

CAP durchgeführt. CEMCAP wird durch das Forschungs-

und Innovationsprogramm Horizon 2020 der Europäischen 

Union gefördert. Das Projekt soll die Voraussetzungen für 

einen großflächigen Einsatz von CO2Capture-Technologien 

in Zementwerken schaffen. Der Schwerpunkt dieses Arti-

kels liegt auf dem Design und dem Betrieb des Prototyps. 

Die wichtigsten technischen Anforderungen des Prototyps 

werden beschrieben und die experimentellen Herausforde-

rungen diskutiert. Enthalten ist auch eine umfassende Liste 

der während des Versuchs gewonnenen Erkenntnisse, die 

als Leitfaden für das zukünftige Design eines Oxyfuel-Klin-

kerkühlers im industriellen oder experimentellen Maßstab 

dienen soll. Die Kontrolle der Feuchte- und Staubbelastung 

des rezirkulierten Kühlungsmediums sowie des Falschluft-

eintrags können eine wichtige Rolle bei der Entwicklung 

zukünftiger Oxyfuel-Klinkerkühler und bei der Umsetzung 

der CO2Abscheidung in Zementwerken spielen. Eine genaue 

Bestimmung der Wärmeübertragungsraten in einem CO3-rei-

chen Medium mithilfe von Klinkerkühlungskurven erfordert 

weitere Untersuchungen mit einer vollständigen Ausrüstung 

in industriellem Maßstab. Klinkerproben wurden während 

des Versuchs genommen, um den Einfluss der Gaszusam-

mensetzung des Kühlungsmediums auf die Klinkerqualität 

zu untersuchen. Die Versuchsergebnisse zur Klinkerqualität 

werden in einem zweiten Artikel in dieser Zeitschrift veröf-

fentlichen und diskutiert.  4 
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Die Projektpartner VDZ, IKN und HeidelbergCement (HC)

haben den ersten Prototyp eines Oxyfuel-Klinkerkühlers ent-

wickelt, gebaut und in industrieller Umgebung getestet. Der

Versuch wurde im Rahmen des Forschungsprojekts CEM-

CAP durchgeführt. CEMCAP wird durch das Forschungs-

und lnnovationsprogramm Horizon 2020 der Europäìschen

Union gefördert. Das Projekt soll die Voraussetzungen für

einen großf lächigen Ei nsatz von COr-Captu re-Technologìen

in Zementwerken schaffen. Der Schwerpunkt dieses Arti-

kels liegt auf dem Design und dem Betrieb des Prototyps.

Die wichtigsten lechnischen Anforderungen des Prototyps

werden beschrieben und die experimentellen Herausforde-

rungen diskutiert. Enthalten ìst auch eine umfassende Liste

der während des Versuchs gewonnenen Erkenntnisse, die

als Leitfaden für das zukünftige Design eines Oxyfuel-Klin-

kerkühlers im ìndustriellen oder experimentellen Maßstab

dienen soll. Dle Kontrolle der Feuchte- und Staubbelastung

des rezirkulierten Kühlungsmedìums sowie des Falschluft-

eintrags können eine wichtige Rolle bei der Entwicklung

zukünftiger Oxyfuel-Klìnkerkühler und bei der Umsetzung

der COr-Abscheidung in Zementwerken spielen. Eine genaue

Bestimmung der Wärmeübertragungsraten in einem COr-rei-

chen Medlum mithilfe von Klinkerkühlungskurven erfordert

weitere Untersuchungen mit einer vollständigen Ausrüstung

in industriellem Maßstab. Klinkerproben wurden während

des Versuchs genommen, um den Einfluss der Gaszusam-

mensetzung des Kühlungsmediums auf die Klinkerqualität

zu untersuchen. Dìe Versuchsergebnisse zur Klìnkerqualität

werden in einem zweiten Artìkel in dieser Zeitschrlft veröf-

fentlichen und diskutiert. (

VDZ, IKN and HeidelbergCement (HC) have designed, con-

structed and operated the world's first oxyfuel clinker cooler

prototype ever tested in an industrial environment. The ex-

perìment was performed wìthìn the Horizon 2020 CEMCAP

project, which aims to promote the readiness of technologies

for CO, capture in cement plants. The focus of this paper

lies on the design and operation of the prototype. The main

technical specifications of the prototype are described and

experimental challenges are discussed. A comprehensive

list of lessons learned during the trials is presented to give

guìdance for the future design of prototype or industrial-scale

oxyfuel clinker coolers. The control of moisture and dust load

of the recirculated cooling gas as well as of false air ingress

may play a relevant role ìn the design of future oxyfuel clinker

coolers and the application of CO, capture in cement plants.

An exact determination of the heat transfer rates in a COr-

rich atmosphere by clinker coolìng curves will require further

investìgation with f ull industrial-scale equipment. Clinker

samples were taken during the trials for subsequent analysis

and determìnatìon of the influence of the cooling gas com-

position on clinker chemistry. The experimental results of the

effects of the oxyfuel cooling medium on clinker quality will

be presented and discussed in a second article which will be

published soon in this journal. <
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First oxyfuel clinker cooler tested in an industrial environment 
Erster Oxyfuel-Klinkerkühler in industrieller Umgebung getestet 

1 Introduction 

The world is aiming to reduce the emission of greenhouse 
gases (GHG) and thus keep the increase in global average 
temperature below 2 °C. Climate protection has therefore 
become one of the most important and challenging future 
issues for our society. CO, emissions from the cement indus-
try constitute around 7 % of global anthropogenic CO, emis-
sions [1].The cement industry has responded to the need to 
reduce CO, emissions by increasing thermal efficiency, the 
use of alternative fuels in the substitution of primary fossil 
fuels, and reducing the clinker content in cement. These 
measures can contribute to a substantial reduction of CO, 
emissions from cement production. However, they are still 
insufficient to achieve CO, mitigations in the cement industry 
which significantly contribute to stabilising the greenhouse 
gas concentration in the atmosphere and not exceeding the 
2 °C target. Cement will continue to be a key material for 
building society's infrastructures in the future and thus one 
of the driving forces for development and economic growth 
around the world. Significant demand reduction and/or sub-
stitution are not realistic scenarios given world economic 
growth, the migration of people to cities and the consequent 
increase of urbanisation, the need for new infrastructures 
to minimise the effects of climate change, etc. Carbon cap-
ture for further storage (CCS) or utilisation (CCU) has been 
identified as one of the key CO, reduction levers for the ce-
ment industry. Two different CO, capturing technologies to 
be applied in the cement industry [7, 11, 12, 13] have been  

under assessment over the past few years: post-combustion 
technology and oxyfuel technology. Given the relevance of 
the cement industry regarding global CO, emissions, ECRA 
has undertaken a research project •which focuses on the 
deployment of oxyfuel technology in the cement industry. 
The ECRA Oxyfuel Project served as the basis for the con-
struction and testing of an oxyfuel clinker cooler on a pilot 
scale within CEMCAP. The participation of VDZ, IKN and HC 
in both research projects proved to be a fruitful synergy for 
the successful testing of the oxyfuel clinker cooler prototype. 

In oxyfuel combustion a mixture of oxygen and recirculated 
exhaust gas is used instead of air for the combustion pro-
cess [4, 7, 8]. This results in a 002-rich flue gas flow, which, 
after further processing, can be transferred to a storage site 
or utilised in other manufacturing processes. With oxyfuel 
technology , not only the CO, arising from the combustion 
of fuels (a share of around 40 %), but also from the calcina-
tion of raw materials (calcium carbonate, with a share of 
around 60 %) can be captured. Being a process-integrated 
CO, capture technology, oxyfuel technology introduces some 
changes in the clinker manufacturing process and has not 
yet been implemented or tested in existing cement plants 
so far. Some issues concerning the oxyfuel process inte-
gration, plant operation, retrofitability and operation costs, 
among others, require thorough assessment before the 
demonstration of oxyfuel technology at industrial scale. One 
of the most important questions is if clinker quality can be 
maintained with oxyfuel Operation [10, 12].The major concern 

Figure 1: Oxyfuel cement plant flow sheet developed in the ECRA's Oxyfuel project [5, 7] 
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lies in the potential reaction of Ca0 contained in the alite and 
bellte clinker phases (C3S and C2S respectively) with CO, in 
the cooling medium and a consequent loss of clinker quality. 
Lab-scale experiments revealed that the impact of high CO2
concentration in the cooling medium on the clinker quality 
and the resulting cement properties were negligible and that 
the required clinker quality could be met [5, 9]. 

Clinker quality is strongly influenced by the clinker cooler 
operation and cooling rate [9]. In addition, the clinker cooler 
Operation impacts the thermal energy consumption of the 
cement plant, and thus indirectly the CO, emissions. Both 
effects are also valid for a clinker cooler operated in an oxy-
fuel process. Despite the encouraging lab-scale results, the 
potential impact of CO, an clinker quality required testing with 
hot clinker in an industrial environment. The construction and 
operation of an oxyfuel clinker cooler prototype was therefore 
of significant relevante to investigate the cooling efficiency in 
a COrrich atmosphere as well as the impact an clinker quality. 
Both investigations aimed to minimise the economic and tech-
nical risks of future oxyfuel industrial-scale demonstrations. 

This work is based on an experiment conducted by VDZ, IKN 
and HC within the CEMCAP project. The CEMCAP project 
was a research project with a focus an bringing CO, capture 
technologies for the cement industry to a higher Technology 
Readiness Level (TRL) and thus closer to deployment. The 
overall aim of the experiment was the testing of the world's 
first oxyfuel clinker cooler prototype constructed and oper-
ated in an industrial environment (TRL 6). The experiment 
had the following objectives: 

) Determine false air in-leakage 
) Determine the gas leaking rate to ambient 
) Determine the clinker cooling curves and cooling effi- 

ciency with CO2rich gas 
) Determine the influence of cooling gas composition an 

clinker chemistry  

The focus of this paper is on the de-
sign, construction and operation of the 
oxyfuel clinker cooler prototype, which 
is in accordance with objectives 1 to 3. 
The experimental results with respect to 
the influence of cooling gas composition 
on clinker quality (objective 4) will be 
presented later in a second paper in this 
journal. Nevertheless, the results confirm 
that CO3-rich cooling gas has neither a 
significant impact an clinker quality nor on 
cement strength development. 

2 Methodology 

The design of the oxyfuel clinker cooler 
prototype was based an existing designs 
for single-stage and two-stage gas-tight 
clinker coolers which had been developed 
for application in an oxyfuel process in 
ECRAs Oxyfuel Project phase III () Fig. 1). 

Furthermore, the design took into account 
the potential for up-scaling, as well as 
the technical feasibility to be operated 
in a prototype scale in a cement plant. A 
continuous bed with full gas recirculation 

was the layout option selected for further construction and 
testing. The use of hot clinker and the correct sizing of the 
prototype were essential for a proper up-scale of the experi-
mental results. Therefore, the option of feeding hot clinker 
from a running rotary kiln into the prototype was chosen. 
The prototype was installed at the HeidelbergCement plant 
in Hanover, Germany. lt was designed with a capacity to cool 
up to 3 % of the usual clinker production of the kiln Iine.This 
percentage was considered adequate to run the tests with-
out interfering with the normal operation of the cement plant. 
The hot clinker bed was cooled with air or CO3-rich gas. CO, 
was available from a filling station equipped with CO, bottles 
and could be mixed with ambient air. In order to minimise 

Figure 3: On-site construction of the oxyfuel clinker cooler prototype 
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mental results. Therefore, the option of feeding hot clinker
from a running rotary kiln into the prototype was chosen.
The prototype was installed at the HeidelbergCement plant
ìn Hanover, Germany. lt was designed with a capacity to cool
up to 3 o/o of the usual clinker production of the kiln line.This
percentage was considered adequate to run the tests with-
out interfering with the normal operation of the cement plant.

The hot clinker bed was cooled with air or COr-rich gas. CO,
was available from a filling stat¡on equipped with CO, bottles
and could be mìxed with ambient aìr. ln order to minimise

Hc rotary kiln

Gas-air heat exchanger

Dedusting cyclone

Cooling fan

Clinker cooler
prototype

Figure 3: 0n-site construction of the oxyfuel clinker cooler prototype

Gas-air heal
exchanger \í

plpo)

I

p ,/

lies in the potential reaction of CaO contained in the alite and

belite clinker phases (C.S and CrS respectively) with CO, in

the cooling medium and a consequent loss of clinker quality.
Lab-scale experiments revealed that the impact of high COr-
concentration in the cooling medium on the clinker qualìty

and the resulting cement properties were negligible and that
the required cìinker quality could be met [5, 9].

Clinker quality is strongly influenced by the clinker cooler
operation and cooling rate [9]. ln addition, the clinker cooler
operation impacts the thermal energy consumption of the
cement plant, and thus indirectly the CO, emissions. Both

effects are also valid for a clinker cooler operated in an oxy-
fuel process. Despite the encouragìng lab-scale results, the
potential impact of CO, on clinker quality required testing with
hot clinker in an industrial environment.The construction and

operation of an oxyfuel clinker cooler prototype was therefore
of significant relevance to investigate the cooling efficiency ìn

a COr+ich atmosphere as well as the impact on clinker quality.

Both investigations aimed to minimise the economic and tech-
nical risks of future oxyfuel industrial-scale demonstrations.

This work is based on an experiment conducted byVDZ, IKN

and HC within the CEMCAP project. The CEMCAP project
was a research project with a focus on bringing CO, capture
technologies for the cement industry to a higherTechnology
Readiness Level (TRL) and thus closer to deployment. The

overall aim of the experiment was the testing of the world's
fìrst oxyfuel clinker cooler prototype constructed and oper-
ated in an industrìal environment (TRL 6). The experiment
had the following objectìves:

I Determine false air in-leakage
I Determine the gas leaking rate to ambient
I Determine the clinker cooling curves and cooling effi-

ciency with COr-rìch gas

t Determine the influence of coolìng gas composition on
clinker chemistry

rEt\-¿,-)
Fi
VI
Ht1
hdhlHtr

Coz

injection
and gas

Cold clinker
discharge system

(screw conv.)

bottles

clinker sampling po¡nt

66 GEMENTINTERNATIONAL > 2/2019 > VOL. 17



III
I3

4:
i: -1

  I►
1f
  

Table 1: Cooling gas chemical composition: references and test settings 

Cooling gas 
composition setting 

Cooling media 
CO, 

[Vol. 0/.] 
0, 

[Vol. °/0] 
N, 

[Vol. %] 

Oxyfuel 
(ECRA reference) 

67 21 9 

Oxyfuel (base case) 70 18 12 

1 Ambient air 0 21 79 

2 
Oxyfuel tests with CO3- 

rich gas 
> 70 < 6.31  < 23.7 )̀  

Only CO2  was injected Air was the single source of 02  and N2. Therefore 02  and NI, volume percentage 
are related to each other and their relative volume proportion remained constant.  

proof is given, resulting in a local change 
of colour where the leakages occur. This 
method was performed three times and 
all the main leakages in the gas recircula-
tion circuit were detected and sealed.The 
length of the hot clinker extraction tube, 
the permanent material flow through the 
tube as well as similar static pressure in 
the plant's kiln hood and in the oxyfuel 

clinker cooler prototype led to the as-
sumption during the engineering phase 

that the gas exchange between both sys-
tems would be very small and negligible 

during Operation. 

CO2  consumption, the cooling gas was recirculated.The gen-
eral concept of the oxyfuel clinker cooler prototype is shown 
in ) Figs. 2 and 3. Hot clinker is extracted from the kiln hood 

of the pyro line by a rotating extraction tube and then charged 
into the cooler prototype. As the hot clinker drops onto the 
static clinker inlet, the hot clinker forms a clinker bed. The 

hot clinker bed is cooled with the CO2-rich gas (or ambient 

air) which is taken from the suction line behind a gas/air 
heat exchanger and is transported by two cooling fans to 
the pressurized compartments underneath the cooler. From 
the cooler compartments the cooling gas is distributed to 
the bottom of the clinker bed by passing through the grate 

surface of the oxyfuel cooler. After passing the dicker bed 
(cross-flow) the cooling gas leaves the cooler prototype 
through an exhaust duct located at the cooler roof. The cool-
ing gas is afterwards de-dusted in a cyclone and cooled by a 
gas/air heat exchanger. At the heat exchanger outlet, the gas 
is routed again to the cooling fans of the cooler prototype to 
dose the recirculation loop. Besides the production capacity 
of 2.6 % compared to a full-scale plant, the main difference 
is that no recuperation gas is routed to the kiln and the heat 
coming from the cooler is not utilised. The material inside 
the clinker cooler prototype is transported by the moving 
grate and discharged at the end of the cooler via a clinker 
hopper. With the help of four discharge screw conveyors the 
clinker is then carried from the clinker cooler prototype to 
the cold clinker extraction system of the cement plant. The 
clinker mass flow is measured by a mass flow probe installed 
an a chute connecting two discharge screw conveyors. An 
extraction point for manual cold clinker sampling is included 

in the same chute. 

As the CO2-rich cooling gas was produced artificially and 
recirculated, the cooler prototype had to be, as far as techni-
cally possible, gas-tight. Gas tightness was tested on-site. 
Tightness tests were performed with the pressure change 
method described in DIN EN 13184 [2].The pressure change 
method is used to determine mass change in closed sys-
tems, here as gas leakages. This method is based an the 
ideal gas law. If most of the parameters can be set constant, 
the change in mass is deducible from pressure changes. 
As the clinker cooler prototype was an open system, the 
clinker inlet and outlet were shut. Afterwards the system 
was connected to the compressed air system of the ce-
ment plant and pressurized. The pressure could not be kept 
constant after stopping the injection of compressed air. This 
indicated the presence of leakages. To locate the leakages 
a tracer testing method was used, as described in DIN EN 
13185 [3]. This method enables the detection of gas flow 
through leakages from the inside to the outside. A pressure 
difference is produced, a tracer is injected and a leakage  

The aim of testing the oxyfuel clinker cooler prototype in an 
industrial environment was to collect relevant information 
regarding the cooler Operation and clinker chemistry at dif-
ferent gas compositions. The performance of the test and 
its integration into the industrial clinker production process 

was documented in a video shot on-site [14]. The main 
chemical gas components, which were varied during the 
testing phase, were nitrogen, oxygen and CO2.The influence 

of argon was neglected because of its low quantity. In the 
case of dry recirculation the humidity was expected to be 
low and was therefore neglected during the design of the ex-
perimental plan. Results from the oxyfuel process simulation 
performed by ECRA [4] were used as a reference to set the 
oxyfuel cooling gas composition base case during the tests 
() Table 1). In addition to the 002  supply, a separate oxygen 
supply was installed in the cooler prototype to enable the 
simulation of oxyfuel flue gas composition. This was required 

because 02  Vol. % is higher than N2 Vol. % in the oxyfuel 

cooling gas as shown in Table 1. 

During the experiment, the cold clinker discharge system 
was revealed to be a relevant source of false air ingress, 
which hindered the production of oxyfuel cooling gas with a 
chemical composition defined as base case. The control of 

the CO2  injection to keep the cooling gas with the desired 

high CO2  concentration became extremely challenging. 

Moreover, the high 02  volume flow demand that would have 

been necessary to compensate the amount of N2  entering 
into the cooler prototype through false air ingress was too 

high. The additional injection of 02  would have made the con-
trol of the cooling gas composition unfeasible.Therefore, the 
experimental plan had to be slightly adapted (settings 1 and 
2 in Table 1) and a new objective was set for the prototype 
testing. The new objective was to reach and keep CO2  con-
centrations higher than 70 Vol. %. The remaining 30 Vol. % 
was air. This new gas composition still replicated the main 

feature of high CO2  concentration in the recirculated gas 
used for oxyfuel cooling Operation and thus was a good indi-
cator regarding eventual impacts of CO2  an the clinker quality. 

Apart from varying the cooling gas chemical composition, 
cooler prototype control parameters were also varied dur-
ing the experiment (e.g. clinker-specific cooling gas volume 
flow and temperature of the cooling gas). Several process 
parameters (e.g. clinker mass flow, pressures, temperatures, 
volume flows and cooling gas composition) were recorded 
continuously at different points of the cooler prototype. In ad-
dition, the temperature of each clinker sample taken from the 
cooler prototype was measured to enable the assessment 
of the cooling efficiency. Testing innovative technologies also 
requires checking the need for the implementation of new 
health and safety measures. As CO2  has a higher density 
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02

[Vol. %l
Cooling media

CO,

[Vol. %l

0xyfuel
(ECRA reference)

67 21

Oxyfuel (base case) 70 18

Ambient a¡r 0 21

>70 < 6.3')
Oxyfuel tests with COr-

rich gas

12

79

<23.7'l

') only C0, was ¡njected. A¡r was the single source of 0, and Nr. Therefore, 0, and N, volume percentage

are related to each other and their relative volume proportion remained constant.

CO, consumption, the cooling gas was recirculated.The gen-

eral concept of the oxyfuel clinker cooler prototype is shown
in I Figs. 2 and 3. Hot clinker is extracted from the kiln hood
of the pyro line by a rotating extraction tube and then charged

into the cooler prototype. As the hot clinker drops onto the
static clinker ìnlet, the hot clinker forms a clinker bed. The

hot clinker bed is cooled with the COr-rich gas (or ambient
air) which is taken from the suction line behind a gas/air

heat exchanger and is transported by two cooling fans to
the pressurized compartments underneath the cooler. From

the cooler compartments the cooling gas is distributed to
the bottom of the clinker bed by passing through the grate

surface of the oxyfuel cooler. After passing the clinker bed
(cross-flow) the cooling gas leaves the cooler prototype
through an exhaust duct located at the cooler roof.The cool-
ing gas ls afterwards de-dusted in a cyclone and cooled by a

gas/air heat exchanger. At the heat exchanger outlet, the gas

is routed again to the cooling fans of the cooler prototype to
close the recirculation loop. Besides the production capacity
of 2.6 o/o compared to a full-scale plant, the maìn difference
is that no recuperation gas is routed to the kiln and the heat
comìng from the cooler is not utilised. The material inside
the clinker cooler prototype is transported by the moving
grate and discharged at the end of the cooler via a clinker
hopper. With the help of four discharge screw conveyors the
clinker is then carried from the clinker cooler prototype to
the cold clinker extract¡on system of the cement plant. The

clinker mass flow is measured by a mass flow probe installed
on a chute connecting two discharge screw conveyors. An
extraction point for manual cold clinker sampling is included
in the same chute.

Table 1: Cooling gas chemical composition: references and test settings

Cooling gas

Gompos¡t¡on sett¡ng

As the COr-rich coolìng gas was produced artificially and

recirculated, the cooler prototype had to be, as far as techni-
cally possible, gas-tight. Gas tightness was tested on-site.
Tightness tests were performed with the pressure change

method described in DIN EN 13184 [2].The pressure change
method is used to determìne mass change in closed sys-
tems, here as gas leakages. This method is based on the
ideal gas law lf most of the parameters can be set constant,
the change in mass is deducible from pressure changes.
As the clinker cooler prototype was an open system, the
clinker inlet and outlet were shut. Afterwards the system
was connected to the compressed air system of the ce-

ment plant and pressurized. The pressure could not be kept
constant after stopping the injection of compressed air. Thìs

indìcated the presence of leakages. To locate the leakages

a tracer testing method was used, as described in DIN EN

13185 I3l. This method enables the detectìon of gas flow
through leakages from the inside to the outside. A pressure

difference is produced, a tracer is injected and a leakage

proof is given, resulting in a local change
of colour where the leakages occur. This
method was performed three times and

all the main leakages in the gas recircula-
tion circuit were detected and sealed. The
length of the hot clinker extraction tube,
the permanent material flow through the
tube as well as similar static pressure in

the plant's kiln hood and in the oxyfuel
clinker cooler prototype led to the as-

sumption during the engineering phase

that the gas exchange between both sys-
tems would be very small and negligible
during operatìon.

l[2

[Vol.9d

I

2

The aim of testing the oxyfuel clinker cooler prototype ìn an

industrial environment was to collect relevant informatìon
regardìng the cooler operatìon and clinker chemistry at dif-
ferent gas compositions. The performance of the test and

its integration into the industrial clinker production process

was documented in a video shot on-site [14]. The main
chemical gas components, which were varìed during the
testing phase, were nitrogen, oxygen and COr.The influence
of argon was neglected because of its low quantity. ln the
case of dry recirculation the humìdity was expected to be

low and was therefore neglected during the design of the ex-

perimental plan. Results from the oxyfuel process simulation
performed by ECRA [4] were used as a reference to set the
oxyfuel cooling gas composition base case during the tests
(l Table 1). ln additìon to the CO, supply, a separate oxygen
supply was installed ìn the cooler prototype to enable the
simulation of oxyfuel flue gas composition.This was required
because O, Vol. % is higher than N2 Vol. o/o in the oxyfuel
cooling gas as shown inTable 1.

During the experiment, the cold clinker discharge system
was revealed to be a relevant source of false air ingress,
which hindered the production of oxyfuel cooling gas with a

chemìcal composition defìned as base case. The control of
the CO2 injection to keep the cooling gas with the desired
high CO, concentrat¡on became extremely challenging.
Moreover, the high O, volume flow demand that would have

been necessary to compensate the amount of N, entering
into the cooler prototype through false air ingress was too
high.The additional injection of O, would have made the con-
trol of the cooling gas composition unfeasible. Therefore, the
experimental plan had to be slìghtly adapted (settings 1 and

2 in Table 1) and a new objective was set for the prototype
testing. The new objective was to reach and keep CO, con-
centrations higher than 70 Vol. %. The remaining 30 Vol. 7o

was air. This new gas composìtion stìll replicated the maìn

feature of high CO, concentration in the recirculated gas

used for oxyfuel cooling operation and thus was a good indi-
cator regarding eventual impacts of CO, on the clinker quality.

Apart from varying the cooling gas chemical composition,
cooler prototype control parameters were also varied dur-

ing the experiment (e.9. clinker-specific cooling gas volume
flow and temperature of the cooling gas). Several process
parameters (e.9. clinker mass flow pressures, temperatures,
volume flows and cooling gas composition) were recorded
continuously at different points of the cooler prototype. ln ad-

dition, the temperature of each clinker sample taken from the
cooler prototype was measured to enable the assessment
of the coolìng efficiency. Testing innovative technologìes also

requires checking the need for the implementation of new
health and safety measures. As CO, has a higher density
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Figure 4: False air ingress circuit 

compared to air and thus the risk of accu- Table 3: Experimental data: cooling media and clinker temperature 

mulation in sub-level areas, special safety 
measures had to be implemented on-site. 
A static CO, warning system installed at 
ground level, as well as the mandatory 
usage of individual mobile CO, detectors 
by each member of the team were the 
main measures implemented to mini-
mise the risk of CO, inhalation in case of 
leakage. The CO, detection systems had 

been calibrated and tested before on-site 
installation and usage. 

Setting Cooling media CO, (dry) 
[Vol. %1 

02  (dry) 
[Vol. %1 

Cooling medi- 
um temperature 

[°C] 

Cold clinker 
temperature 

[°C] 

1 Air 0 - 21 91 51 

2 Air 0 - 21 57 30 

3 COrrich gas 84 3.0 71 25 

4 CO2-rich gas 67 6.6 55 n/a 

5 CO2-rich gas 75 4.8 66 45 

6 CO2-rich gas 75 4.9 65 45 

7 CO2-rich gas 76 4.6 53 67 

8 Air 0 21 63 131 

9 Air 0 21 60 83 

10 Air 0 21 57 92 

3 Experimental results 

3.1 False air ingress 
A considerable amount of false air ingress 
established an unexpected experimental 
challenge. False air was pulled continu-
ously through the cold clinker extraction 
system (screw conveyors) into the pilot 
plant, mixing with recirculated cooling gas and leaving the 
system through the hot clinker extraction tube () Fig. 4). 

The false air ingress volume flow was measured with an an-
emometer. The measuring point used for this measurement 
was the opening used for cold clinker sampling (s. ) Fig. 3). 
The measurements with the anemometer () Table 2) could 
only be performed when clinker was not being fed to the 

clinker cooler prototype. 

Table 2: False air measurement results (performed with an 
anemometer); = 8 °C; kiln hood pressure = -0.9 mbar; 
chute inner diamete = 200 mm 

Fans load Air Speed [m/s] Volunie flow [Areh] 

Fans off 2.7 305 

Fans © partial load (33 to 
45 % of maximum rpm) 

2.7 305 

Fans CO tut capacity 
(maximum rpm) 

3.3 373 

3.2 Gas leakage rate to ambient 
Gas leakage to ambient may only take place in the pres-
surized areas of the pilot plant (pressure higher than the at-
mospheric pressure). The static and the mobile CO, warning 
systems did not detect any leakages of CO3-rich gas during 
the experiment. 

3.3 Cooling media and clinker temperature 
In order to assess the cooling performance of the cooler 
prototype during oxyfuel operation the chemical composi-
tion, temperature and volume flow of the cooling medium 
were measured continuously. In addition, clinker samples 
were taken downstream from the cooler prototype and the 
temperature was measured () Tables 3 and 4). 

3.4 Moisture content of the recirculated gas 
Without any relevant sources of water in the recirculation 
circuit (e.g. injection of water in the cooler), the absolute 
moisture content of the clinker cooling gas (air or 002-rich 

gas) should not change over time. The absolute moisture 
content of the clinker cooling air is normally below 1 Vol. % 
(taking European climate as a reference). Therefore, no 
higher moisture content was expected in the cooling gas 
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Figure 4: False air ingress circuit

compared to air and thus the risk of accu-
mulation in sub-level areas, special safety
measures had to be implemented on-site.
A static CO, warning system installed at
ground level, as well as the mandatory
usage of individual mobile CO, detectors
by each member of the team were the
main measures implemented to mini-
mise the risk of CO, inhalation in case of
leakage. The CO, detection systems had

been calìbrated and tested before on-site
installation and usage.

Bl
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Table 3: Experimental data: cooling media and clinker temperature

Cold clinker
temperature

rcl

67

131

83

s2

3.2 Gas leakage rate to ambient
Gas leakage to ambient may only take place ìn the pres-
surized areas of the p¡lot plant (pressure higher than the at-
mospheric pressure). The static and the mobile CO, warning
systems did not detect any leakages of COr-rich gas during
the experiment.

5r

30

25

nla

45

45

2

3

4

5

7

Setting

o

I
10

3 Experimental results

3.1 False air ingress
A considerable amount of false air ingress
established an unexpected experimental
challenge. False air was pulled continu-
ously through the cold clinker extraction
system (screw conveyors) into the pilot
plant, mixing with recirculated cooling gas and leaving the
system through the hot clinker extraction tube (D Fig. 4).

The false air ingress volume flow was measured with an an-

emometer. The measuring point used for th¡s measurement
was the opening used for cold clinker sampling (s. f Fig 3).

The measurements with the anemometer (l Table 2) could
only be performed when clinker was not beìng fed to the
clinker cooler prototype.

Table 2: False air measurement results (performed with an

anemometer); T,,u. = B 
oC; kiln hood pressure = -0.9 mbar;

chute inner diameter = 200 mm

Fans load Volunie llow [Am3/h]

Fans off 305

Fans @ partial load (33 to
45 % of maximum rpm)

305

Fans @ full capacity
(maximum rpm)

3.3 Cooling media and clinker temperature
ln order to assess the cooling performance of the cooler
prototype during oxyfuel operation the chemical composì-
tion, temperature and volume flow of the cooling medium
were measured continuously. ln addition, clinker samples
were taken downstream from the cooler prototype and the
temperature was measured (l Tables 3 and 4).

3.4 Moisture content of the recirculated gas

Without any relevant sources of water in the recirculation
circuit (e.g. injection of water in the cooler), the absolute
moisture content of the clinker cooling gas (air or COr-rich
gas) should not change over time. The absolute moisture
content of the clinker cooling air is normally below 1 Vol. 7o

(taking European climate as a reference). Therefore, no
higher moisture content was expected in the cooling gas

0, (dry)

Uol' o/ol

Gooling medi-
um temperature

rcl
Gooling media C0, (dryl

[Vol.7"]

91Air 0 -21

57Air 0 -21

3.0 71C0r-rich gas 84

6.6 55C0,-rich gas 67

4.8 66C0r-rich gas 75

4.9 65COr-rich gas 75

76 4.6 53C0,-rich gas

0 21 63Air

0 21 60Air

570 21Air

r¡;l\-./¿À
m
hrlhltt
hi

Air speed [m/s]

2.7

2.7

3.3
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Setting Cooling media 
Cooling medium 

volume flow 
[m3/h] (stp., wet) 

Clinker 
mass flow 

[t/d]  

Clinker specific cooling 
gas evolume flow

kgclinker) [ir 
(stp., wet) 

1 Air 7914 30 6.3 

2 Air 2747 23 — ' 2.9 

3 CO2-rich gas 6 205 20 1  7.4 

4 CO2-rich gas 5856 19.1  7.4 

5 CO2-rich gas 2774 

471  

1.4 

6 CO2-rich gas 2 257 1.2 

7 CO2-rich gas 1 114 0.6 

8 Air 1 781 0.9 

9 Air 1 120 0.6 

10 Air 1 005 0.5 

Measured by clinker extraction from the pilot plant and weighing. Clinker weighing was performed 
only once for the whole set of measures from 5 to 10 due to the impossibility of running the experi-
ment and weighing the clinker simultaneously 
Measured by contactless mass flow sensor 

W
I1

14
:i.

  

Table 4: Experimental data: cooling media and clinker mass flow 

Table 5: Cooling medium moisture content 

Cooling media CO2 
[Vol. %] (dry) 

Measured moisture 
[Vol. °/0] 

Air 0 8 

CO 2-rich gas 74 13 

of the pilot plant. Nevertheless, a single measurement of 
moisture content for each cooling medium (air and CO2-rich 
gas) was performed during the experiment () Table 5). The 
moisture measurement was performed by controlled cooler 
gas extraction and measurement of the weight difference in 
silica gel, which absorbs the gas moisture. 

4 Discussion 

4.1 False air ingress 
False air ingress is a very relevant issue in oxyfuel Operation 
with regard to the CO, capture rate and efficiency. lt can in-
crease the Power consumption of the CPU (CO, Purification 
Unit, s. Fig. 1) significantly. In the prototype testing, false air 
ingress had a significant impact on performing the experi-
ment. The oxyfuel cooling gas chemical composition had to 
be adapted according to the continuous loss of CO, and the 
ingress of false air (s. Table 1). CO, had to be continuously 
injected in the pilot plant in order to maintain the desired high 
CO, concentration levels for test settings 3 to 7. In addition, 
the clinker temperature at the cooler prototype inlet and at 
the cold clinker sampling point was affected. Cold clinker 
was cooled down in the screw conveyors by false air ingress 
before clinker sampling and temperature measurement. A 
CO2-rich gas (a gas mix of recirculated cooling gas, injected 
CO, and false air) partially cooled down the hot clinker in the 
extraction tube before reaching the cooler inlet. 

The measurements shown in Table 2 confirm that the kiln 
hood Pressure level was the driving force of false air ingress 
during the experiment. The impact of the load of the cooling 
fans on total false air ingress was very limited. A maximum  

false air volume flow of about 370 Am3/h 
was measured in the worst-case scenario 
(lowest kiln hood pressure level and cool-
ing fans running at full capacity). False air 
ingress was assessed to be lower during 
the tests (up to about 300 Am3/h maximum), 
as the fans were operating with partial load, 
and kiln hood relative pressure had been 
increased to about -0.2 mbar. The false air 
volume flow measured in the pilot plant 
can only be used to estimate up-scaling ef-
fects very roughly, as the scale and the cold 
clinker discharge system are different in the 
prototype cooler syStem compared to an 
industrial-scale cooler. The cold clinker dis-
charge system in an industrial-scale oxyfuel 
clinker cooler will consist of a clinker crusher 
and pan conveyor rather than screw convey-
ors. The amount of false air ingress through 
the clinker crusher installed at the clinker 
cooler outlet in the normal full-scale clinker 
manufacturing process is currently unknown 
and no measurements are available. Never-
theless, the minimisation of false air ingress 
in oxyfuel Operation should always be pur-
sued. How relevant false air ingress through 
the clinker crusher is and, if relevant, how air 

tightness could be improved are questions that remain for 
the design of oxyfuel coolers at industrial scale. 

4.2 Gas leaking rate to ambient and seals 
The absence of CO, leakages proves that the seals installed 
in the pressurized zones of the pilot plant (from cooling 
fans to clinker cooler under-grate area) performed properly. 
However, the use of similar sealing technology in industrial-
scale oxyfuel coolers should be treated with some caution. 
Operating conditions are more demanding at industrial scale 
and the seals' performance over a long time period could not 
be assessed during the limited duration of the tests. 

4.3 Clinker cooling curves and cooler efficiency with 
CO2-rich gas 

The assessment of the cooling efficiency of the oxyfuel 
clinker cooler prototype with CO2-rich gas and of the clinker 
cooling curves was partially compromised by false air in-
gress. Some process data relevant to closing the energy 
and mass balances of the oxyfuel clinker cooler prototype 
were not measured during the experiment. The hot clinker 
temperature at the cooler prototype inlet is an important 
parameter to close the energy and mass balance but can-
not be measured accurately. For the purpose of calculating 
hot clinker energy, a temperature of about 1 400 °C is as-
sumed for industrial clinker grate coolers [6]. The significant 
amount of false air ingress in the pilot plant did not allow 
the application of this simple assumption. The cooling gas 
escaping through the hot clinker extraction tube promoted 
a fast cooling of the clinker which already started in the 
extraction tube and before reaching the cooler (counter-flow 
heat exchange). Therefore, a hot clinker temperature much 
lower than 1400 °C was expected at the cooler inlet for 
the prototype tests. As expected, some impacts on clinker 
mineralogy and microstructure were observed due to such 
fast cooling conditions. 

Clinker temperatures below the cooling medium temperature 
were observed due to some additional cooling promoted 
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Table 4: Experimental data: cooling media and clinker mass flow

Setting

') Measured by cl¡nker extraction from the pilot plant and weighing. Clinker weighing was performed
only once for the whole set of measures from 5 to l0 due to the impossibility of running the exper¡-
ment and weighing the clinker simultaneously"ì Measured by contactless mass flow sensor

Table 5: Cooling medium mo¡sture content

Gooling media
Measured moisture

[Vot. %l

0.6

tightness could be improved are quest¡ons that remain for
the design of oxyfuel coolers at ìndustrial scale.

4.2 Gas leaking rate to ambient and seals
The absence of CO2 leakages proves that the seals installed
in the pressurìzed zones of the p¡lot plant (from cooling
fans to clinker cooler under-grate area) performed properly.
However, the use of similar sealing technology in industrial-
scale oxyfuel coolers should be treated with some cautìon.
Operating conditìons are more demanding at industrial scale
and the seals' performance over a long tìme period could not
be assessed during the limited duration of the tests.

4.3 Clinker cooling curves and cooler efficiency with
COr-rich gas

The assessment of the cooling efficiency of the oxyfuel
clinker cooler prototype with COr-rich gas and of the clinker
cooling curves was partially compromised by false air in-
gress. Some process data relevant to closing the energy
and mass balances of the oxyfuel clinker cooler prototype
were not measured durlng the experiment. The hot clinker
temperature at the cooler prototype inlet is an important
parameter to close the energy and mass balance but can-
not be measured accurately. For the purpose of calculating
hot clìnker energy, a temperature of about 1 400 'C is as-
sumed for industrial clinker grate coolers [6]. The significant
amount of false air ingress in the pilot plant did not allow
the application of this simple assumption. The cooling gas

escaping through the hot clinker extraction tube promoted
a fast cooling of the clìnker which already started ¡n the
extraction tube and before reachìng the cooler (counter-f low
heat exchange). Therefore, a hot clinker temperature much
lower than 1400 'C was expected at the cooler inlet for
the prototype tests. As expected, some impacts on clinker
mìneralogy and microstruclure were observed due to such
fast cooling conditìons.

Clinker temperatures below the cooling medium temperature
were observed due to some additional cooling promoted

false air volume flow of about 370 Am3/h
was measured in the worst-case scenario
(lowest kiln hood pressure level and cool-
ing fans running at full capacity). False air
ingress was assessed to be lower durìng
the tests (up to about 300 Am3/h maximum),
as the fans were operating with partìal load,
and kiln hood relative pressure had been
increased to about -0.2 mbar. The false air
volume flow measured in the pilot plant
can only be used to estimate up-scaling ef-
fects very roughly, as the scale and the cold
clinker discharge system are different in the
prototype cooler system compared to an

industrlal-scale cooler. The cold clinker dis-
charge system in an industrial-scale oxyfuel
clinker cooler will consist of a clinker crusher
and pan conveyor rather than screw convey-
ors. The amount of false air ingress through
the clinker crusher ìnstalled at the clìnker
cooler outlet in the normal full-scale clinker
manufacturing process is currently unknown
and no measurements are available. Never-
theless, the minimisation of false air ingress
in oxyfuel operation should always be pur-

sued. How relevant false air ingress through
the clinker crusher is and, if relevant, how air

Clinker specific cooling
gas volume flow

lm3/kgclinked
(stp., wetl

6.3

2.9

1.4

7.4

1.4

1.2

0.6

0.9

0.5

2

J

4

6

7

I
q

10

Air o

COr-rich gas l3

of the pilot plant. Nevertheless, a single measurement of
moisture content for each coolìng medium (air and COr-rich
gas) was performed durìng the experiment (l Table 5). The

moisture measurement was performed by controlled cooler
gas extraction and measurement of the weight difference ìn
silica gel, which absorbs the gas moislure.

4 Discussion

4.1 False air ingress
False air ingress is a very relevant issue in oxyfuel operation
with regard to the CO, capture rate and efficiency. lt can ìn-

crease the power consumption of the CPU (CO, Purificatìon
Unit, s. Fig. 1)significantly. ln the prototype testìng, false air
ingress had a significant impact on performing the experì-
ment. The oxyfuel cooling gas chemical composition had to
be adapted according to the continuous loss of CO, and the
ingress of false aìr (s. Table '1 ). CO2 had to be continuously
injected in the pilot plant in order to maintaìn the desired high

CO, concentration levels for test settìngs 3 to 7. ln addition,
the clinker temperature at the cooler prototype inlet and at
the cold clìnker sampling point was affected. Cold clinker
was cooled down ìn the screw conveyors by false air ingress
before clìnker sampling and temperature measurement. A
COr-rich gas (a gas mix of recirculated cooling gas, injected
CO, and false air) partially cooled down the hot clinker in the
extraction tube before reaching the cooler inlet.

The measurements shown in Table 2 confirm that the kìln

hood pressure level was the driving force of false air ingress
during the experiment. The impact of the load of the cooling
fans on total false air ìngress was very limited. A maximum

Cooling media
Gooling medium

volume llow
[m3/hl (stp., wetl

Clinke¡
mass flow

tr/dl

7 914 30.ÌAir

Air 27 47 23.-l

C0r-rich gas 6 205 20")

C0r-rich gas 5 856 1 
g-')

CO,-rich gas 2774

C0,-rich gas 2757

C0r-rich gas 1 114

Air 1 781

Air 1 120

47'l

Air 1 005

lVol. (dryl
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by false air ingress in the clinker extraction system before 
sampling. The measurement of the clinker mass flow by 
a contactless mass flow sensor showed limited reliability 
(strong fluctuation and inaccuracy). This led to cooling down 
the clinker with much higher clinker-specific cooling gas 
volume flows in some tests (up to 7.4 m3/kg clinker, stp.) 
than is common practice in industrial-scale coolers (1.6 to 
2.3 m3/kg clinker, stp.). As the clinker-specific cooling gas 
volume flow from settings 1, 3 and 4 are out of the desired 
range, one may assume that they are not representative of 
normal industrial cooler operation. The use of these settings 
for the assessment of the prototype cooler performance is 
very limited. 

In summary, the calculation of the cooling curves and cooler 
efficiency with oxyfuel operation was subject to significant 
uncertainty due to false air ingress and inaccuracy of the 
clinker mass flow sensor. Therefore, it was not possible to 
draw final conclusions about the clinker cooling curves for 
future oxyfuel industrial application. For the purpose of opti-
misation of the cooler designs further research is therefore 
recommended. Nevertheless, the lack of precise informa-
tion about the oxyfuel clinker cooling curves does not put 
at stake the construction of an oxyfuel clinker cooler for the 
demonstration of the oxyfuel process at full-scale in cement 
plants. For demonstration purposes the oxyfuel clinker cooler 
should be designed with generous safety margins to mini-
mise operational risks. Operational data collected during the 
demonstration project can then be used for cooler design op-
timisation. Also, the effects of the cooling gas temperature, 
volume flow and chemical composition (CO, concentration 
and moisture content of the recirculated kiln gases) on the 
clinker cooling rate should be assessed further in a full-scale 
demonstration project. 

4.4 Moisture content of the recirculated gas 
The measurements indicated a surprisingly high cooling gas 
moisture content well above 1 Vol. (s. Table 5). The rea- 
son for such high moisture content in the cooling medium 
remains unclear. The accuracy of the measurements and the 
indicated absolute values remain questionable. One plausible 
explanation is that moisture had its origin in the refractory 
lining of the pilot plant. Despite its general plausibility, it 
is impossible to prove this explanation with the available 
experimental data. Moreover, silica gel may also be prone 
to absorbing CO, to a certain extent. Such an occurrence 
would distort the moisture measurements performed on site. 
Nevertheless, one may affirm that the moisture content in 

Figure 5: Dust clogging the lamellas of the cooler grate plates 

Figure 6: Dust clogging the linear unit of the grate suspension 

the recirculating gas was higher than expected. One obvi-
ous effect was the blockage of the grate plates due to the 
presence of fine dust particles combined with moisture in 
the recirculating gas () Figs. 5 and 6). 

4.5 Other design and experimental challenges 
The immersion of a refractory-lined steel tube in the kiln hood 
to route hot clinker to the cooler prototype poses several 
technical and operational challenges. The tube's refractory 
tip was completely destroyed three times during the tests 
by large clinker lumps falling from the kiln. In addition, the 
mechanical impacts in combination with high thermal stress 
slightly bent the extraction tube over time, which made 
the control of the hot clinker extraction tube more difficult. 
Partial-load operation led to the reduction of the overall re-
circulation gas flow, which in turn decreased the separation 
efficiency of the de-dusting cyclone. Recirculated clinker dust 
in combination with moisture in the recirculated gas slowly 
narrowed the ventilation slots and clogged the cooler grate 
plates several times. Therefore, the maximum acceptable 
moisture and dust content in the recirculated cooling gas 
should be investigated in order to guarantee a reliable and 
trouble-free Operation of the cooler. The reduction of the 
overall recirculation gas flow also affected the control of 
the heat exchanger gas outlet temperature. With very low 
ambient air temperatures in January 2017 and even without 
the Operation of the two axial fans of the heat exchanger 
(switched off) the gas outlet temperatures remained in a 
range of 53 to 71 °C, except for test setting 1 (s. Table 3). 

5 Conclusions 

The recovery of heat from burnt cement clinker plays a key 
role in the total energy consumption and CO, emissions of 
the clinker burning process. Thus, the successful testing of 
the world's first oxyfuel clinker cooler prototype in an in-
dustrial environment was an important step forward for the 
development of future industrial-scale oxyfuel cement plants. 

The focus of this paper is purely on the Operation of the 
oxyfuel clinker cooler prototype. Clinker samples were also 
collected during the experiment and analysed afterwards 
in VDZ's laboratories. The analyses confirmed that CO2-rich 
cooling gas has neither a significant impact on clinker quality 
nor on cement strength development. Detailed information 
will be presented in a second paper. 
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by false air ingress in the clinker extraction system before
sampling. The measurement of the clinker mass flow by
a contactless mass flow sensor showed limited relìability
(strong fluctuatìon and ìnaccuracy).This led to cooling down
the clinker with much higher clinker-specifìc cooling gas

volume flows in some tests (up to 74 m3/kg clinker, stp.)
than is common practice in industrial-scale coolers (1.6 to
2.3 m3/kg clìnker, stp.). As the clinker-specific coolìng gas

volume flow from settings 1, 3 and 4 are out of the desired
range, one may assume that they are not representative of
normal lndustrial cooler operation. The use of these settings
for the assessment of the prototype cooler performance is

very limited.

ln summary, the calculation of the cooling curves and cooler
effìclency with oxyfuel operation was subject to significant
uncertainty due to false air ìngress and ìnaccuracy of the
clinker mass flow sensor. Therefore, it was not possible to
draw final conclusions about the clinker coolìng curves for
future oxyfuel industrial applìcation. For the purpose of opti-
misation of the cooler designs further research is therefore
recommended. Nevertheless, the lack of precise informa-
tion about the oxyfuel clìnker cooling curves does not put

at stake the construction of an oxyfuel clinker cooler for the
demonstration of the oxyfuel process at full-scale in cement
plants. For demonstration purposes the oxyf uel clinker cooler
should be designed with generous safety margins to mini-
mise operational risks. Operational data collected during the
demonstration project can then be used for cooler design op-
timisation. Also, the effects of the cooling gas temperature,
volume fìow and chemical composltion (co, concentration
and moìsture content of the recirculated kìln gases) on the
clìnker cooling rate should be assessed further in a full-scale
demonstration project.

4.4 Moisture content of the recirculated gas
The measurements indìcated a surprisingly high cooling gas

moisture content well above 1 Yol. ok (s. Table 5). The rea-

son for such high moisture content in the coolìng medìum
remaìns unclear. The accuracy of the measurements and the
indicated absolute values remain questionable. One plausible
explanation is that moisture had its origin in the refractory
lining of the pilot plant. Despite its general plausìbility, it
is impossible to prove this explanation with the available
experimental data. Moreover, silica gel may also be prone

to absorbing CO, to a certain extent. Such an occurrence
would distort the moisture measurements performed on site.
Nevertheless, one may affirm that the moisture content in

Figure 5: Dust clogging the lamellas of the cooler grate plates

Figure 6: Dust clogging the linear unit of the grate suspension

the recirculating gas was hìgher than expected. One obvi-
ous effect was the blockage of the grate plates due to the
presence of fine dust particles combined with moisture ìn

the recirculating gas (l Figs. 5 and 6).

4.5 Other design and experimental challenges
The ìmmersion of a refractory-lined steel tube ìn the kiln hood

to route hot clinker to the cooler prototype poses several
technical and operational challenges. The tube's refractory
tip was completely destroyed three times durìng the tests
by large clinker lumps falling from the kiln. ln addìtion, the
mechanical impacts in combinatìon with hìgh thermal stress
slightly bent the extraction tube over time, which made
the control of the hot clìnker extraction tube more diffìcult.
Partial-load operation led to the reduction of the overall re-

circulation gas flow which in turn decreased the separation
eff iciency of the de-dusting cyclone. Recirculated cllnker dust
in combination wìth moisture in the recirculated gas slowly
narrowed the ventilation slots and clogged the cooler grate
plates several times. Therefore, the maximum acceptable
moisture and dust content in the recirculated cooling gas

should be investigated in order to guarantee a reliable and

trouble-free operation of the cooler. The reduction of the
overall recirculation gas flow also affected the control of
the heat exchanger gas outlet temperature. With very low
ambient aìr temperatures in January 2017 and even without
the operation of the two axial fans of the heat exchanger
(switched off) the gas outlet temperatures remained ìn a

range of 53 to 71 "C, except for test setting '1 (s.Table 3).

5 Gonclusions

The recovery of heat from burnt cement clinker plays a key
role in the total energy consumptìon and CO, emissions of
the clinker burning process. Thus, the successful testing of
the world's first oxyfuel clinker cooler prototype in an ìn-

dustrial environment was an important step forward for the
development of future industrial-scale oxyfuel cement plants.

The focus of this paper is purely on the operation of the
oxyfuel clinker cooler prototype. Clinker samples were also
collected durìng the experiment and analysed afterwards
in VDZ's laboratories. The analyses confirmed that COr-rich

cooling gas has neither a significant impact on clinker quality
nor on cement strength development. Detailed information
will be presented Ìn a second paper.

ã-tÐUH
m
hElhl
hfl
FT

70 GEMENTINTERNATIONAL ) 2/2019 ) VOL.17



tech swiss 

Ihre Nr. 1 für optimierte Ketten-Anwendungslösungen 

Anlagenoptimierungen  und RETROFIT für Plattenbänder, Kettenkratzer, 
Becherwerke und Antriebe - FB-Kettenproduktion in Finnland 0 . 

o Steine, Ton, Klinker, Rohmehl, Zement, Gips, Kaolin, Kalk, ... 

o EBS, Biomasse, Kunststoffe, Altreifen, Asche.. 
• 

• 

19 

rEVOLUTIC._ ' FB Ketten www. 

CEMENT INTERNATIONAL ►  2/2019 ►  VOL. 17 

CONNECTING THE INDUSTRY 

Halle 1.1, Stand C50 
-ketten.at  www.fb-ketten.ch  1 www.fb-chaines.fr  

71 

C., 
O 
CC 
Ct. 

ECRA (European Cement Research Academy): 
ECRA CCS Project — Report on phase II. Techni-
cal Report TR-ECRA-106/2009, Duesseldorf 2009, 
https://ecra-on  line. org/f  i I ea d m in/reda ktion/files/pdf/ 
ECRA_Technical_Report_CCS_Phase_11.pdf. 
ECRA (European Cement Research Academy): ECRA 
CCS Project — Report on phase II I. Technical Report TR-
ECRA-119/2012, Düsseldorf 2012, https://ecra-online. 
org/fileadmin/redaktion/files/pdf/ECRA_Technical_Re-
port_CCS_Phase_111.pdf.  
VDZ Code of Practice Vt 8 „Rost-, Satelliten- und 
Rohrkühler in der Zementindustrie"; Verein Deutscher 
Zementwerke, Düsseldorf 1989. 
Fischedick, M.; Görner, K.; Thomeczek, M.: CO,: Abtren-
nung, Speicherung, Nutzung; Ganzheitliche Bewertung 
im Bereich von Energiewirtschaft und Industrie. Springer 
Vieweg, Wiesbaden 2015. 
Gimenez, M.; Paxton, C.; Wassard, H.; Mogensen, 0.; 
Paubel, X.; Leclerc, M.; Cavagne, P; Perrin, N.: The oxy-
combustion option. International Cement Review (2014) 
No. 5, pp. 37-43. 
FIZ (Forschungsinstitut der Zementindustrie) Hoenig, 
V.; Koring, K.: Steigerung der Energieeffizienz und 
Minderung der CO2-Emissionen von Drehofenanlagen 
der Zementindustrie durch Oxyfuel-Technologie, AiF-
Forschungsvorhaben Nr. 15322 N; Schlussbericht, Düs-
seldorf 2010. 
Jordal, K.; Voldsund, M.; Storseta, S.; Fleiger, K.; 
Ruppert, J.; Spörl, R.; Hornberger, M.; Cinti, G.: CEM-
CAP — Making CO, Capture Retrofitable to Cement 
Plants. Energy Procedia 114 (2017), pp. 6175-6180. 
Naranjo, M.; Brownlow, D.; Garza, A.: CO, Capture and 
sequestration in the cement industry. Energy Procedia 
4 (2011), pp. 2716-2723. 
ECRA (European Cement Research Academy): Carbon 
Capture Technology — Options and potentials for the 
cement industry. Technical ReportTR 044/2007, Düssel-
dorf 2007; https://ecra-online.org/fileadmin/redaktion/  
files/pdf/ECRA_Technical_Report_CCS_Phase_l.pdf. 
CEMCAP: CEMCAP framework for comparative techno-
economic analysis of CO, capture from cement plants 
— Revision 1, 2017: https://www.sintef.no/globalassets/  
sintef-energi/cemcap/d3.2-cemcap-framework-for-com-
parative-techno-economic-analysis-of-co2-capture-from-
cement-plants_pdf. 
CEMCAP: Performance of the tests and integration of 
the clinker cooler prototype in the cement plant, https:// 
www.youtube.com/watch?v=OSmEJgVKz-A  

The operation of the oxyfuel clinker cooler prototype con- [4] 
firmed that the design of the cold clinker discharge system 
requires special attention concerning the minimisation of 
false air ingress.This conclusion is relevant for prototypes as 
well as for industrial-scale oxyfuel clinker coolers. 

[51 
The clinker cooling rates in a COrrich atmosphere could 
not be determined and, thus, further investigation with full 
industrial-scale equipment is required. 

Moisture in combination with dust from the recirculated [61 
gas increases the risk of blocking the cooler grate plates. 
The maximum acceptable moisture and dust content in the 

• recirculated cooling gas of an oxyfuel cement plant should be [71 
investigated in order to guarantee a reliable and trouble-free 
Operation of the clinker cooler. 

No CO, leakages were detected during the experiment, [8] 
which is a good indicator of the reliability of the seals for 
future use in industrial-scale coolers. Despite the promis-
ing results, the performance of the seals still needs to be 
assessed over a long time period and under real industrial [9] 
operating conditions. 
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