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Executive summary 
 

This deliverable identifies and characterizes the procedures and technologies associated to the valorisation of the 

100 Synergy types selected as most promising at European level in D3.1. The Technology database developed 

includes the description and technical characterization of both, implemented solutions at industrial scale and 

emerging technologies. Besides the procedure/technology characterization, relevant information to support its 

economic and environmental assessment (T3.5 and T3.4) is presented. The technical viability of the solutions 

presented considers its usability at industrial scale and its commercial availability as main decision criteria. The 

final evaluation of their European potential will be carried out in T3.6 and will include its economic, social and 

environmental impacts assessment. 
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Abbreviations 
 

BREF: Best Available Techniques Reference Document 

BOF: Basic Oxygen Furnace 

BF: Blast Furnace 

BFG: Blast Furnace Gas 

COG: Coke Oven Gas 

DPM: Deodorized and sanitized Poultry Manure 

EAF: Electrical Arc Furnaces 

IS: Industrial symbiosis 

LCP: Large Combustion Plant 

ORC: Organic Ranking Cycle 

P: Process 

QTT: quantitative 

QLT: qualitative 

S: Sector 

SS: Subsector 

TDB: Technology Database 
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Definitions 
 

This section gives the definition of the main terms used in this deliverable.  

Technology Database: Easy to access and organised data collection that Collection of data organized to be easy 

accessed and provide information related to the technical characterisation of procedures and technologies 

necessary required to the implementation of Industrial Symbiosis synergy types. 

Synergy type: Type of synergy material/energy exchange that can be applied in the industries having the same 

output (for the sender industry) and input flows (for the receiver industry) and scaled up for the many different 

sites in Europe. 

Direct synergies: Synergies cases where for which the “stream is directly used, or with light technology (e.g. 

crusher, packaging, transport, storage, collection/distribution), as a substitute from a raw one (substitution)” D3.1. 

Indirect synergies: Synergies cases for which “the stream requires a modification or a treatment (e.g. extraction, 

separation, purification, cleaning or transformation) It can be done either by an involved stakeholder or a third 

party” D3.1. 

Procedure: Correspond to the generic description of all a set of processes (including technologies) involved in a 

synergy type from the by-product/waste until its final recovery/utilization at the receiving sector. Note: the word 

“Procedure” was is used in substitution to the word “Technic” initially referred in the proposal of the project, in 

order to reduce possible misunderstandings due to its similarity with the word “Technology”.  

Technology: Correspond to a specific equipment/ machine that allows to recover some element of interest from a 

flow with or without previous pre-treatment processes. 

Post treatment: In case a technology is used, it corresponds to any necessary treatment necessary post technology 

application to improve the final quality of the element of interest or make the stream characteristics compliant 

with the receiver industry/process.   

Transport: Correspond to specific needs for the stream transportation from sender to receiver industrial sector or 

facility involved in the synergy type.   

Technical Viability: Correspond to the final technical assessment of procedures/technologies using evaluation 

criteria. Availability at commercial level and usability at industrial scale are the two main criteria analysed. Final 

GO or NO/GO decision confirms it’s the technical viability or not for synergy type valorisation. 
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Introduction 
 

The SCALER Project major challenge is to scale up the uncovered potential behind physical resources by the 

valorisation of materials, infrastructures, logistics and technologies associated to intersectoral symbiotic relations 

at European level. The promotion of synergic processes between industrial sectors is deeply associated to the 

identification and characterization of the processes involved. Aiming to assess the full potential of the most 

promising, large scale, 100 intersectoral IS synergies types in Europe, SCALER WP3, divided into 6 

interconnected tasks, targets the identification of the best available and emerging procedure and technologies for 

IS synergy type implementation by assuring their technical and economic viability as well as their positive 

environmental and social impacts. 

Within the 100 synergies potential analysis, procedures and technologies play a crucial important role in the 

process. This deliverable (D3.2: Technology Database template and guide for update) introduces the results from 

T3.3 (Technology database for synergy setups). It details and provides the technical evaluation assessment ofon 

the procedures and technologies associated to the 100 synergies pre-identified in D3.1. The information presented 

for each synergy type includes: (i) the general description of the procedures and technologies; (ii) logistics and 

transportation overview and (iii) basic cost analysis needed to intersectoral stream valorisation. This valorisation 

considers the direct use of by-products by different receiving industrial sectors (with low technical complexity 

intermediary process required) or the indirect utilization of recovered elements of interest from raw by-products 

stream (with higher technical complex intermediary process associated).  

The procedures and technologies were identified and evaluated with the support of available technical documents 

(BREFs, scientific publications, technical brochures, among other sources) as well as the inputs from Deliverable 

D2.2 (The role of intermediaries and key enabling technologies for ideation and implementation of industrial 

symbiosis). The deliverable outcomes will feed tasks T3.4, T3.5 and T3.6 namely environmental assessment, 

economic assessment and IS potential at European level. The final evaluation result from D3.1 on the technical 

viability analysis considers the commercial availability and development level together with industrial usability 

of valorisation procedures and technologies as main decision inputs. 

This deliverable is organised as follows: 

- Section 1 describes the TDB characterization, the main objective and the variables definition framework 

- Section 2 details the methodological approach used to characterize the 100 procedures 

- Section 3 provides the resume table of the procedures and technologies associated to the 100 synergy 

types 

- Section 4 provides a statistical analysis and discussion of the TDB data regarding the technical evaluation 

of the 100 synergy types. 

- Section 5 presents guidelines for TDB utilization and upgrading  

- Section 6 presents the main conclusions of the present work 

References are given in Section 7.  
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1. TDB characterization 
 

1.1 Framework 
 

In the sequence of previous task T3.2 and deliverable D3.1 (100 most promising synergy types definition) and 

looking for the main WP3 objective which is to assess their EU potential level (T3.6); a multicriteria decision-

making process was defined, as can be seen in Figure 1. Each synergy type is analysed concerning three main 

factors: (i) its technical viability (T3.3); (ii) its economic potential (T3.4) and (iii) the environmental impacts 

(T3.4). The expected results obtained per task are finally defined as GO/NOGO decision (GO refers to a positive 

assessment and NOGO to a negative assessment) based on specific criteria, methodology and variables used. The 

selection of the most promising synergy types, which will be submitted to further and extensive environmental 

and economic assessment, results from the joint analysis of the above referred factors. 

 

 

Figure 1 – Interdependences, inputs and outputs of T3.3 in WP3  

In this context, there are two main expected outputs from T3.3. To characterize and define the technical viability 

of the procedures/technologies and to provide required data for the environmental and socio-economic 

assessment. The expected result of task 3.3 is a single completed TDB, able to provide all necessary information 

including the general description of the relevant technologies, the associated synergies, the industrial sectors 

involved and quantitative data on associated investment and operating/operational costs. In this context, and 

considering the 100 synergy types involved and the dependences on provided data, three main objectives were 

defined for the TDB:  

 i) Categorize the identified synergy typologies 

 ii) Compile generic procedures and technologies per synergy category;  

 iii) Estimate expected investment and operating costs. 

To reach these objectives, three interconnected but independent data sets were created to organize and present the 

information. This separation allows the end users to analyse data in a structured and organized manner. Table 1 

shows the links between objectives, data set identification and information provided. 
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Table 1 - TDB Objectives and information of the datasets structure 

TDB 

Objective 

Data set 

identification 

Information provided Input Information 

i) Synergy Structure Data set 1 Characterize the synergy type: 

Sender/Receiver/Technical Objective 

T2.2 (Best Practices on IS); T2.3 (The role of 

Enabling Technologies); 

T3.2 (most IS promising cross-sectorial 

synergies). 

ii) Procedures and 

technologies 

Data set 2 Characterize Procedures/ Technologies, 

Logistics and their final technical 

viability assessment 

BREF/PAPERS/TECHNICAL 

BROCHURES/BOOKS/OTHER SOURCES 

iii) Characterization and 

Costs 

Data set 3 Qualitative and quantitative data for 

cost analysis, inputs and outputs  

BREF/PAPERS/TECHNICAL 

BROCHURES/BOOKS/OTHER SOURCES 

 

Besides the two main outputs and technical objectives described before, the TDB template was developed to fulfil 

the lack of dedicated tools focused on procedure/technology characterization and decision-making support. In this 

context, several tools dedicated to resource mimicking/matching based on sender/user requirements are available 

at European level, but no support decision tools for procedure/technology selection were found. The same 

situation was found on the unavailability of integrated information sources to fully support decision process. In 

this sense, the TDB compiles qualitative, quantitative and relevant contextualization information for decision 

making on technology selection. The TDB was also developed thinking on the future connectivity between multi 

IS platforms using common identification references and flexible search keywords based on the by-product, 

sender/receiver process or element of interest. 

 

1.2 Variable definition 
 

The TDB variables definition process considered two complementary approaches; i) the information presented 

should provide inputs for the three datasets characterization and technical viability analysis; ii) provide technical 

information for the economic and environmental impacts assessment. Figure 2 resumes the multivariable approach 

scheme considering TDB variables outputs.  

 

Figure 2 – TDB Variables definition scheme 

 

To solve the requirements on variable definition, quantitative (QTT) and qualitative (QLT) variables are 

considered. QTT variables refer to those inputs needed for specific calculations and quantitative evaluations. QLT 

variables are those associated to support decisions and general understandings associated to the process or 

technologies. QTT variables are mostly required to support the economic and life cycle assessment. Major part of 

gathered information is QLT and was divided all over the 3 datasets. Table 2 resumes all variables included in the 

TDB, their association with the datasets, the information provided by their analysis, their characterization as QTT 

or QLT, the inputs source and the expected end users within the project. 
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Table 2 - Resume table of variables used in the TDB template 

 VARIABLE NAME DATA 

SET 

INFORMATION PROVIDED QTT QLT INPUT INFO. 

SOURCE 

END 

USER 

S
y

n
er

g
y

 c
h

ar
ac

te
ri

za
ti

o
n
 

SYNERGY ID NUMBER 1  Synergy ID N.A(1) N.A(1) D 3.1 WP3  

BY-PRODUCT 1 by-product ID  X D 3.1 WP3 

STATE OF MATTER 1 ID Physical State of the by-product   X D 3.1 WP3 

ELEMENT OF INTEREST 1 Defines which is the valuable part to recover from by-product  X D 3.1 WP3 

SENDER SECTOR AND 

PROCESS 

1 Defines synergy sender sector and process  X D 3.1 WP3 

RECEIVER SECTOR AND 

PROCESS 

1 Defines synergy receiver sector and process  X D 3.1 WP3 

TECHNICAL OBJECTIVE 1 Resumes the technical objective of the procedure or technology  X D 3.1 WP3 

RESOURCE EXCHANGED 1 Defines if energy/water or materials were exchanged  X D 3.1 WP3 

TYPE OF SYNERGY 1 Defines if the synergy is DIRECT/INDIRECT*  X D 3.1 WP3 

IDENTIFICATION 

SOURCE 

1 Describe the identification sources on synergy validation   X D 3.1 WP3 

P
ro

ce
d

u
re

 a
n

d
 T

ec
h

n
o

lo
g

y
 g

en
er

al
 d

es
cr

ip
ti

o
n
 

IDENTIFICATION 

 

2 An equation resumes the various processes involved: Pre-

treatment (PT), Technology (T) and Post treatment (POT) 

 X Own methodology (2) T3.4   

PROCEDURE (P) 

(Name and description) 

2 Generic description of all processes involved from the by-

product/waste stream until its final recovery/utilization use 

 X BREF/papers/ 

technical 

brochures/books/other 

sources 

T3.4  

TECHNOLOGY (T) 

(Name and description) 

2 Describes if the technology/equipment that allows the valorisation 

process is applicable 

 X BREF/papers/ 

technical 

brochures/books/other 

sources 

T3.4  

POST TREATMENT (POT) 

(YES/N.A/NO and 

description) 

2 In case a technology is used, it describes any treatment necessary 

post technology application. A initial YES/N.A/NO define need 

on Non Applicability 

 X BREF/papers/ 

technical 

brochures/books/other 

sources 

T3.4 

COMPLEMENTARY 

INFORMATION 

2 Any other relevant information concerning P/T/POT interpretation   X BREF/papers/ 

technical 

brochures/books/other 

sources 

T3.4 

CHARACTERIZATION  

(Identification) 

2 Identify if the following analysis correspond to the full procedure 

(P) or Technology (T) previous presented.   

 X Own methodology T3.4 ; 

T3.5 ; 

T3.6 

CHARACTERIZATION  

(Site/Ext Facility/receiver) 

2 Identify where can the Procedure or Technology take place. 

Sender site, external intermediary facility or receiver site. 

 X Own methodology T3.4 ; 

T3.5 ; 

T3.6 

CHARACTERIZATION  

(Yield range) 

2 Corresponds to the productivity that a Procedure or Technology 

can achieve in a defined period of time. All data obtained is 

referenced to the origin source  

X  BREF/papers/ 

technical 

brochures/books/other 

sources 

T3.5 

T3.6 

CHARACTERIZATION  

(Recovery rate) 

2 Corresponds to the maximum amount of the element of interest/ 

by-product that can be valorised from the by-products/waste 

stream. All data obtained is referenced to the origin source     

X  BREF/papers/ 

technical 

brochures/books/other 

sources 

T3.5 

T3.6 

T
ra

n
sp

o
rt

 

TRANSPORTAT 

(YES/NO/N.A.) 

2 Identifies the needs or non-applicability on transport requirements   X BREF/papers/ 

technical 

brochures/books/other 

sources 

T3.4 ; 

T3.5 ; 

T3.6 

 MEAN OF TRANSPORT 2 Identifies the possible means of transportation associated to the 

by-product or element of interest. Boat transportation was not 

considered in the actual analysis at European level. 

 X BREF/papers/ 

technical 

brochures/books/other 

sources 

T3.4 ; 

T3.5 ; 

T3.6 

 DESCRIPTION 2 Describes specificities or approaches dealing with transportation  X BREF/papers/ 

technical 

brochures/books/other 

sources 

T3.4 ; 

T3.5 ; 

T3.6 

V
ia

b
il

it
y

 r
es

u
m

e 

 

 AVAILABILITY - 

Commercially available 

2 Identifies with a YES/NO result if the procedure/technology is 

commercially available. The result obtained is referenced to the 

origin source 

 X BREF/papers/ 

technical 

brochures/books/other 

sources 

T3.5 ; 

T3.6 

 USABILITY –  

Industrial scale 

2 Identifies with a YES/NO result if the procedure/technology is 

already used at industrial scale. The result obtained is referenced 

to the origin source 

 X BREF/papers/ 

technical 

brochures/books/other 

sources 

T3.5 ; 

T3.6 

 FINAL COMMENTS 2 Any other relevant information concerning previous viability 

analysis interpretation 

 X BREF/papers/ 

technical 

brochures/books/other 

sources 

T3.5 ; 

T3.6 

F
in

al
 c

o
n

cl
u

si
o

n
s 

 

GO/NOGO  

(Technical viability) 

2 Shows the final technical viability assessment results 

(GO/NOGO). This input will be used for the final assessment 

together with the socio-economic and environmental assessment.   

 X BREF/papers/ 

technical 

brochures/books/other 

sources 

T3.6 
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 VARIABLE NAME DATA 

SET 

INFORMATION PROVIDED QTT QLT INPUT INFO. 

SOURCE 

END 

USER 

K
ey

 c
o

st
s 

 

 PROCEDURE/ 

TRANSPORT 

3 Identifies the most relevant cost associated to the valorisation 

process to support decision making 

 X Own methodology T3.5;  

Industrie

s 

P
ro

ce
d

u
re

 /
T

ec
h

n
o

lo
g

y
 I

n
p

u
ts

 

 REQUIRED 

SPECIFICATIONS 

3 Refers to generic requirements of the technology or procedure. 

Can deal with by-products or other inputs 

 X BREF/papers/ 

technical 

brochures/books/other 

sources 

T3.4  

 

HEAT DEMAND 

3 Defines the heat demand associated to the selected 

procedure/technology. Fuel or electrical requirements can be 

considered. The results presented are referenced to the origin 

source. 

X X BREF/papers/ 

technical 

brochures/books/other 

sources 

T3.4  

 

ELECTRICITY DEMAND 

3 Defines the electricity demand associated to the selected 

procedure/technology. The results presented are referenced to the 

origin source. 

X X BREF/papers/ 

technical 

brochures/books/other 

sources 

T3.4  

 

WATER DEMAND 

3 Defines the water demand associated to the selected 

procedure/technology. The results presented are referenced to the 

origin source. 

X X BREF/papers/ 

technical 

brochures/books/other 

sources 

T3.4  

 OTHER NECESSARY 

PRODUCTS 

3 Defines the needs on any material/product required for the 

selected procedure/technology. The results presented are 

referenced to the origin source. 

 X BREF/papers/ 

technical 

brochures/books/other 

sources 

T3.4  

E
co

n
o

m
ic

 c
h

ar
ac

te
ri

za
ti

o
n
 

OPEX  

(Range) 

3 Refers to the operational expenditure associated to the 

Procedure/technology operation. The results presented are 

referenced to the origin source. 

X X BREF/papers/ 

technical 

brochures/books/other 

sources 

T3.5;  

Industrie

s 

CAPEX  

(Range) 

3 Refers to the capital expenditure associated to the 

Procedure/technology implementation.  The results presented are 

referenced to the origin source. 

X X BREF/papers/ 

technical 

brochures/books/other 

sources 

T3.5;  

Industrie

s 

ROI/PBP/USEFULL LIFE 3 Return of Investment, Pay Back Period or Useful Life of 

procedure/technologies are considered as alternative cost 

evaluation data sources to OPEX/CAPEX.  The results presented 

are referenced to the origin source. 

X X BREF/papers/ 

technical 

brochures/books/other 

sources 

T3.5;  

Industrie

s 

COMMENTS 3 Any other relevant information concerning previous economic 

analysis interpretation 

 X BREF/papers/ 

technical 

brochures/books/other 

sources 

T3.5;  

Industrie

s 

P
ro

ce
d

u
re

 /
T

ec
h

n
o

lo
g

y
 

O
u

tp
u

ts
 

CO2 EMISSIONS 3  

Refers to the emissions of CO2 associated to the procedure/ 

technology used  

X X BREF/papers/ 

technical 

brochures/books/other 

sources 

T3.4  

RESIDUES 3  

Refers to the produced residues associated to the procedure/ 

technology used  

X X BREF/papers/ 

technical 

brochures/books/other 

sources 

T3.4  

OTHER RELEVANT 

PRODUCTS 

3  

Refers to any other products/by-products produced by procedure/ 

technology used  

X X BREF/papers/ 

technical 

brochures/books/other 

sources 

T3.4  

(1) N.A.: Not Applicable 

(2) Own methodology: Frameworks/methodologies developed internally in T3.3 without access to external sources. 
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2. Methodology 

2.1 General approach 
 

Once the required variables were defined, a systematic methodological approach was needed to obtain the 

correspondent data and characterize each procedure and technology associated to the 100 synergy types. Figure 3 

resumes the sequential steps and the three information levels of information of the methodological approach used 

for TDB data completion. 

 

Figure 2 – General methodology for TDB data completion 

Starting from the initial list of 100 synergy types, the first level considered three main steps: 

•   The first one compiled and analysed all information available from D3.1 and looked for any incoherence 

in synergy identification. The final objective was to create a global understanding of the synergy flow 

and processes for further analysis. During the analysis, some information duplicities were found due to 

synergy similarities, a problem solved by information exchange and data crosscheck.  

•  The second step identified and characterised in detail the raw by-product, the sender sector, the 

production process involved and their technical and physicochemical properties (BREF documents were 

the main source of information).  

•  The third step focused on the analysis of the quantity and quality requirements needed in the receiving 

sector/process. The identification and validation of compatibilities between raw by-products and 

elements of interest between sectors/processes is a core stage (Level 1).  

Due to the variability of sender and receiver sector processes, states of matter and elements of interest involved 

on the 100 synergy types, several technical issues requiring further research were identified. Innovative synergies 

discovered by Strane methodology within the work carried out in Tasks T3.1 and T3.2 were the most challenging 

as no significant literature background was available. 
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Once the sectors/processes, by-products and elements of interest involved were clearly identified, the next level 

(Level 2) focused on the identification of procedures and technologies associated to a possible valorisation and 

further synergy validation. In this context, it is important to differentiate between procedure and technology (See 

section 2.2). In resume, procedure refers to a full set of processes/steps from initial raw by-product to the final 

recovery/valorisation of elements, while technology refers solely to a specific and dedicated process/machine with 

a specific technical purpose. During the analysis carried out, existing and emerging procedures and technologies 

were considered to increase the scope of the TDB. Together with a further logistic analysis based on by-product 

transportation requirements, two main results outcomes from this stage: (i) the final technical viability analysis 

(considering its usability and availability) and (ii) the key cost identification (Procedure/Technology or 

transportation).  

The third Level, focused on the INPUT and OUTPUT characterization of the procedure/technologies and the 

identification of associated implementation and operation costs. All variables presented in section 1.2, were 

characterized in the TDB template and all origin sources of information referenced. 

 

2.2 Direct/Indirect Synergies 
 

From deliverable D3.1, a full set of 100 synergy types was the main input for the work undertaken in task T3.3. 

Besides the different sectors and technical aspects, an important differentiation was established before further 

characterization. Synergies were classified in two groups:  

•  Direct synergies, corresponding to cases where the “stream is directly used, or with light technology 

(e.g. crusher, packaging, transport, storage, collection/distribution), as a substitute from a raw one 

(substitution)”, 

•  Indirect synergies, “if the stream requires a modification or a treatment (e.g. extraction, separation, 

purification, cleaning or transformation) It can be done either by an involved stakeholder or a third 

party “(Scaler D3.1). 

Considering that the main objective of task T3.3 was the full characterization of synergy processes and 

technologies, the differentiation between direct and indirect synergy types required two different approaches for 

their technological characterization. The following subsections focus individually these two approaches. 

 

2.2.1 Indirect Synergies 
 

Initially 52 out of 100 synergy types were considered indirect before the technical viability analysis on task T3.3. 

Figure 4 shows the logic behind the indirect synergies interpretation used during the technical characterization.  

 

Figure 3 – Interpretation of indirect synergy types  
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The sender sector, normally associated to a specific industrial site (Industry 1) emits a by-product A1 which 

contains valuable elements of interest (B1) that can be recovered (B2) and used by Industry 2, the identified 

receiver site. To extract those elements of interest it is necessary to implement a procedure (P). This procedure 

considers all processes associated with such valorisation. Three main stages can be generally associated to a 

procedure:  

(i) a pre-treatment (PT) stage where different processes can be applied to the by-product A1;  

(ii) a specific recovery technology (T) to recover the element of interest after required pre-treatment 

processes;  

(iii) a post-treatment (PT) process in case specific actions should be necessary after technology application 

and before its final utilization.  

 

Figure 5 shows the three possible valorisation routes for indirect synergy types procedure valorisation. 

 

 

Figure 4 – Valorisation routes for Indirect Synergy types procedure stages 

Even though all stages can be part of the procedure, their applicability will be always associated to the specificities 

of each synergy type. To simplify the identification of the stages involved in each procedure (variable 

identification of the TDB), Equation 1 is used to define the generic indirect synergy type stages. 

Eq. 1   ��������� 	�
 � ��� ���
����� 	��
 � ���ℎ������ 	�
 � ���� ���
����� 	��
 

Note that the identification of variables at the TDB use the above presented nomenclature for process 

identification. 

 

2.2.2 Direct Synergies 
 

From the 100 synergy types 48 were initially identified as direct. In the opposite to indirect synergies, the main 

focus is not the recovery of a particular element (B1) but mostly the direct utilization of the by-product (A1) from 

Industry 1 to Industry 2 without significant changes on its original physicochemical constitution. In this procedure, 

some basic mechanical and physicochemical treatment might be necessary before its utilization in Industry 2, 

together with transportation. These are the most relevant processes associated to the procedure (P).  Figure 6 

resumes the schematic valorisation steps involved in direct synergy type.  
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Figure 5 – Interpretation of direct synergy types  

 

For synergies where basic procedures are necessary before by-product final utilization, these can be considered 

as pre-treatment (PT) or technology (T). Pre-treatment will refer to a group of sequential process that cannot be 

dissociated from each other, while technology corresponds to a single process associated to a specific equipment 

that will perform independently. As shown in Figure 7 by-product utilization is the focus for direct synergy types 

and no post treatment is considered. In the cases where, through deeper research, a complex technology/procedure 

(type, quantity of equipment/machine/treatment, investment required) was identified to treat the flow and recover 

the element, the synergy classification was updated to indirect. 

It should be noted that the considered complexity level of the procedure/technology necessary for the 

implementation of each specific synergy type might be of subjective nature or depend on the level of integration 

in any given industrial sector. For instance, a procedure/technology could be already being implemented in an 

industrial sector but with limitations, or higher complexity, in another industrial sector. 

Moreover, it is possible to identify cases where no specific elements of interest need to be recovered but rather 

the removal of certain components/impurities that otherwise prevent or greatly reduce the valorisation potential 

of the by-product. In this case, the synergy could be also changed to indirect, although its direct valorisation was 

also possible with certain limitations. As an example, substantial manufacturing adaptations (equipment or 

process) affecting the quality of the final product and therefore its application level. 

 

 Figure 6 – Valorization routes for direct synergy procedure stages 

 

Nonetheless, the generic indirect synergy in all TDB is defined by Equation 2. Note that the identification of 

variables at the TDB use the presented nomenclature for process identification: 

Eq 2.   ��������� 	�
 � ��� ���
����� �� ���ℎ������ 	�
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2.2.3 Application on TDB 
 

In the sequence of the synergy classification criteria presented in the previous section, some necessary practical 

approaches for its characterization and use were established. Table 3 resumes the different methodological 

approaches used for Direct and Indirect synergy type analysis. 

Table 3 - Resume table of Direct vs Indirect synergies type methodological analysis 

Synergy 

Type 

Main focus Technical 

complexity 

Procedure 

involved 

Quantitative variables Cost analysis Clustering 

organization 

Indirect Element 

recovery 

High PT + T + 

POT 

Yield / Recovery rates/ 

Heat/Electricity/Water 

OPEX /CAPEX/ 

Transport 

By sender 

sector 

Direct By-product 

Utilization 

Low P or T Mostly N.A 

Recovery rates* 

OPEX/CAPEX* 

Transport 

By receiver 

sector 

*Only available for synergies with technology associated 

Indirect synergies valorisation routes are mostly based on element recovery rather than by-product utilization. The 

associated procedures includes a wide variety of processes and technologies involved with higher technical 

complexity levels. Capital and operational costs must be considered to procedure/technology characterization, and 

quantitative key data should include technology yield and recovery rates. 

To simplify synergy technical analysis and further data acquisition, indirect synergy types were initially sub 

grouped by sender sector. This approach was used since element recovery is highly dependent on raw by-product 

characteristics (associated to sender sector and process). The receiver sector is mostly an end user of the recovered 

element of interest. This methodology intends to agile the analysis of technical documentation often available by 

industrial sector. In short, the presented subgrouping was used to simplify the analysis of Step 2 in Level 1 (Figure 

3). 

Direct synergy types valorisation routes are mostly based on by-product utilization. Basic pre-treatment and 

technological procedures might be associated, while transportation is the main process involved and main cost 

source. Since the by-products could be directly used at receiver site, capital costs are not suitable for analysis and 

operational costs would be very similar to the baseline scenario traditionally used. As no technology is associated 

to the valorisation process, quantitative data will not consider technology yield and recovery rates. Moreover, the 

industrial scale usability concerning the viability resume of Direct Synergies was shifted towards the actual 

implementation of the synergy. In the majority of cases, no technology is being associated with direct synergies, 

only transportation steps. 

To simplify synergy technical analysis and further data acquisition, direct synergy types were initially subgrouped 

by receiver sector. By contrats to indirect synergies, raw by-product should be directly used at receiver sector. As 

no significant changes on the physicochemical characteristics are required, the most important fact is the 

compliance with receiver sector physicochemical composition criteria. This methodology intends to agile the 

analysis of technical documentation often available by industrial sector. In resume, the presented sub-grouping 

was used to simplify the analysis of Step 3 in Level 1 (Figure 3). 
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3. Technologies Database 
 

Even the technology database is presented in PDF format. The full excel file will be publicly available to facilitate 

its access, consultation and future improvements. The results presented are divided in two individuals excel sheets, 

the TDB Direct and TDB Indirect. Indirect TDB sheet is grouped by sender sector as previously introduced, while 

direct TDB is organized by receiver sector. All data presented correspond to information available before May 

2019.  

Note: In the TDB, N.A. and N.F. refers respectively to “Not Applicable” and to “Not Found”. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



IDENTIFICATION COMPLEMENTARY INFORMATION

RESOURCE 

EXCHANGED

TYPE OF 

SYNERGY

PROCEDURE (P) = PRE TREATMENT (PT) + TECHNOLOGY (T) + POST 

TREATMENT (POT)
IDENTIFICATION

ENERGY/ 

MATERIAL/ WATER

DIRECT/          

INDIRECT
P = PT + T + POT (P/T) OPEX (range) REF CAPEX (range) REF ROI REF PBP REF USEFULL LIFE REF

1 COKE OVEN GAS GAS HYDROGEN
S : STEEL

P : COKE OVEN PLANTS

S : REFINING MINERAL OIL AND 

GAS

P : HYDROCRACKING PROCESS

The aim of this synergy is to 

recover coke oven gas from coke 

ovens and extract hydrogen to 

provide petrochemical industries.

MATERIAL EXCHANGE INDIRECT
STRANE METHODOLOGY

BREF
P = PT+T Hydrogen Separation Cool the COG, Separate Tars, Separate H2S e NH3, Separate the hydrogen content on cleaned COG using PSA Unit

PSA (Pressure Swing 

Adsortion)
High pressure unit composed by adsorbent materials working in pressurize and depressurized cycles separate hydrogen from mixed COG NO

Separated hydrogen can be used directly on 

hydrocraking process. Quality of produced 

hydrogen should match adequate receiver 

standards.

N.A. T Site/  Ext. facility 10 000 - 12 000Nm3/h   
high purity hydrogen (99.999%) with recoveries up to 

85%

https://www.scien

cedirect.com/scien

ce/article/pii/S138

3586617315071

YES
Road; Railroad; 

Pipeline

Pipeline transportation is adviced in near facilities; Gaseous hydrogencan 

be transported in small to medium quantities in compressed gas 

containers. Liquid hydrogen can be transported in liquid hydrogen trailers. 

Over longer distance it is usually more cost-effective to transport 

hydrogen in liquid form since a liquid hydrogen can hold substantially 

more hydrogen than a pressurized gas tank.Gas containers could be used 

by train or truck mobility. 

YES

https://www.sciencedi

rect.com/science/articl

e/pii/S037838201200

4547

YES

https://www.sciencedirect

.com/science/article/pii/S0

378382012004547

Popular technic ammong Hydrogen separation plants GO X N.A.
No heating or cooling 

process required
YES

Bermúdez, Arenillas, Luque, & 

Menéndez, 2013
NO Bermúdez, Arenillas, Luque, & Menéndez, 2013 Carbon /Zeolits filter

Low, except for the  

adsorbent acquisition
BREF_CWW 10 000 - 50 000 €/1000Nm3/h BREF_CWW N.F. N.F. N.F.

High cost-effectiveness. Low cost and simple operation.No specific economic evaluation 

of the PSA technology was found.The values presented are referred to a general 

approximation of an adsorption process

Derived from electricity 

comsumption
N.F. Higly concentrated CH4 gas.

2 COKE OVEN GAS GAS METHANOL
S : STEEL

P : COKE OVEN PLANTS

S : 

REFINING_MINERAL_OIL_AND_

GAS

P : ISOMERISATION_PROCESS

The aim of this synergy is to 

recover coke oven gas from coke 

ovens and extract hydrogen 

Methanol to provide 

petrochemical industries.

MATERIAL EXCHANGE INDIRECT
STRANE METHODOLOGY

BREF
P = PT+T

Methanol synthesis 

from COG

COG + CO2 to Dry reforming process to obtain SynGas. Syngas is further compressed to 60bars and sent to the Lurgi 

shell and tube methanol synthesis reactor. Output Gas (Methane + others) is cooled to 40ºC to separate Methanol. The 

result is a Crude Methanol which is sent to distillation process for purification.

synthesis of methanol and destillation

Lurgi shell and tube 

reactor

Syngas from DRM is compressed to 60 bars. Sent to the Lurgi shell and tube methanol synthesis reactor, that operating temperatues is between 250ºC-260ºC and operating pressure is between 50 to 60 bar. Lurgi 

designs contemplate a shell and tube reactor where the tubes are packed with catalyst and the heat of reaction is removed by circulating water on the shell side. The temperature of the product gas is cooled to 40ºC by 

a water cooler. Then methanol and unreacted gas are separated.

NO

To obtain a high purity Methanol (99,85% wt), 

rude methanol requires a complementary 

distillation process

N.A. P Site/Ext.facility 26,5*10^4 t methanol/y 1449 m^3 COG /t methanol

https://www.scien

cedirect.com/scien

ce/article/pii/S019

6890416310822

YES
Road; Railroad; 

Pipeline

Pipeline transportation is adviced in near facilities; Gaseous hydrogencan 

be transported in small to medium quantities in compressed gas 

containers. Liquid hydrogen can be transported in liquid hydrogen trailers. 

Over longer distance it is usually more cost-effective to transport 

hydrogen in liquid form since a liquid hydrogen can hold substantially 

more hydrogen than a pressurized gas tank.Gas containers could be used 

by train or truck mobility. 

YES

https://www.sciencedi

rect.com/science/articl

e/pii/S019689041631

0822

YES

https://www.sciencedirect

.com/science/article/pii/S0

196890416310822

Well developed technology, under operation in many 

plants
GO X N.A.

YES

Cooking and reforming 

processes

YES

MED-HIGH         937,7  

kWh/t methanol

https://www.sciencedirect.com/science/

article/pii/S0196890416310822
NO Gong et al., 2017

Oxygen ( 1493 m^3/t 

methanol)

https://www.science

direct.com/science/a

rticle/pii/S0196890

416310822

286,1 US$/t

https://www.sciencedi

rect.com/science/articl

e/pii/S019689041631

0822

116,3 M US$

https://www.sciencedirect.c

om/science/article/pii/S019

6890416310822

N.F. N.F. N.F. N.A. 1,56 t/t methanol

https://www.sci

encedirect.com

/science/article/

pii/S01968904

16310822

N.F. N.F.

5 EMISSIONS
SOLID-PART OF 

EMISSIONS
Zn

S : STEEL

P : ELECTRIC ARC FURNACE STEELMAKING AND 

CASTING MANUFACTURING

S : NON FERROUS METALS 

INDUSTRIES

P : ZINC PRODUCTION

The aim of this synergy is to 

recover steel sector zinc 

emissions from electrical arc 

furnace to provide non-ferrous 

metals industries zinc 

production.

MATERIAL EXCHANGE INDIRECT STRANE METHODOLOGY P
Waelz kiln SDHL with 2 

stage washed process

Pelletize the EAF dust, reduction in the kiln (with the presence of coke) and volatilization (Operational temperature = 

1300ºC); Zinc and Lead (and also chlorides and alkalis) are vaporized to gas and further separated through gas treatment 

system (ElectroStatic Precipitators). Waelz oxide is further washed using water and NA2CO3 (or NaHCO3 or NaOH) 

using counter current flow. Metal chlorides, fluoride, sodium and potassium impurities are removed. Teh final product is 

washed Waelz Oxide (Zn - 55 to 70% ; Pb (10-20%)

N.A. N.A. NO N.A.
Established, energy-efficient and resilient technology used to treat zinc containing materials and residues. Current practices for waelz oxide processing is treatment in a RLE ( 

Roach-leach-Electrowin plant). RLE Plants (zinc processing plant) already contemplate the receiving of waelz oxides
P

Site/ext. facility. 

Preferentially send the 

pellezited material to 

an external dedicated 

waelz kiln facility

0,33t washed waelz oxide / t of EAF Dust 3,02t/t dry 

product (waelz oxide [washed])

EAF Dust contains 20% Zinc; Waelz oxide contains 55-

70% Zinc. Accounting 100% theoretical recovery rate
BREF_NFM YES

Road; Railroad

Transport of EAF 

Dust

Hermetically sealed metal drums. Exposure to moisture should be avoided. 

Would require complete reprocessing if wet. YES

BAT for EAF dust processing
BREF_NFM YES BREF_NFM

Highly implemented.

Waelz kiln technology is already implemented for 

secondary Zinc production. EAF Dust can be directly 

sent to this receiver.

GO X N.A.

YES

Gas only for startup (Heating 

furnace to 1200-1500ºC)

BREF_NFM NO BREF_NFM

YES             

Washing 

process

BREF_NFM
Coke. Na2CO3 or NaHCO3 

or NaOH
BREF_NFM

105 US$/t EAF Dust 

processed

https://ddtp.tecnicasr

eunidas.es/wp-

content/uploads/201

6/11/P-Solutions-for-

secondary-zinc-

materials-EAFD.pdf

75 M USD for a 400,000 t/y EAF dust capacity

https://ddtp.tecnicasreunid

as.es/wp-

content/uploads/2016/11/

P-Solutions-for-secondary-

zinc-materials-EAFD.pdf

N.A. N.A. N.A.
Economics for waelz kiln implementation are only viable when processing large 

quantities of dust.

YES

Kiln operation and flue-gas
BREF_NFM

Waelz slag ( 1600 

kg/ t dry product); 

Salt residue from 

waelz oxide 

washing (130 kg/t 

product). 

BREF_NFM N.F.

20 EMISSIONS
SOLID-PART OF 

EMISSIONS
Ni

S : STEEL

P : BASIC OXYGEN STEELMAKING AND CASTING 

MANUFACTURING

S : NON FERROUS METALS 

INDUSTRIES

P : NICKEL PRODUCTION

The aim of this synergy is to 

recover nickel from basic oxygen 

furnaces emissions to provide 

nickel and alloys production in 

non-ferrous metals industries.

MATERIAL EXCHANGE INDIRECT STRANE METHODOLOGY P = PT+T
Hydrometalurgical 

extraction
 Acid leaching (acid or base) - Solvent Extraction - Electrowinning

Solvent Extraction - 

Electrowinning (SX-EW)

Leaching is the process of extracting substances from a solid by dissolving them in a acid solution (acid or base). Nickel extractions could be performed either using sulphuric acid or ammonium solutions. The SX step 

involves contacting the acid solution with an organic phase containing an extractant chemical that reacts with the copper ions (applicable extractants could be cyanex 272, LIX84, Versatic 10. Nickel is selectively 

removed into the organic phase leaving behind other unwanted dissolved impurities in the aqueous phase. Electrowinning is an electrolytic process that uses electricity to recover dissolved metal ions from solution.

N.A. N.A.

Although no specific studies for Ni recovery of BOF slag were found, extraction of Metals from residues (dusts, slags, sludges) is technically possible using Hydrometalurgical 

processes. However most efforts are put into hidrometallurgical extraction from concentatred nickel lateritic ores. Leaching was found to be very dependent on certain variables: 

- Type of leachant used; - Leachant concentration; Temperature; - Mixing (stirring); - Solid:solution ratio; - Operation Time. Solvent extraction is conducted to isolate the metal of 

interest. Selection of solvent is of extreme importance, specifically when dealing with other metals aswell such as Cobalt and Zinc. Final metal recovery from the solution is 

possible using electrowinning process.  No conclusive Procedure or Technology characterization could be given as it signifcantly depends on the specific residue composition 

and the experimental conditions used.

P Site/Ext.facility N.F N.F YES Road; Railroad

Bundles of cathode sheets of between 1 and 4 tonnes and held together 

by steel strapping are shipped unpackaged. Care should be exercised 

during handling to avoid straps breaking which cause the bundles to 

become unstable with potential separation and loss of some sheets

There are established processes 

using this technology such as "The 

Cawse Process", "The bulong 

process",but this processes are for 

nickel processing from ores. 

Technology implementation for 

nickel residues recovery is still 

unavailable

https://www.researchg

ate.net/publication/28

4143853_The_recover

y_of_nickel_and_cobal

t_from_leach_solution

s_by_solvent_extractio

n_Process_overview_r

ecent_research_and_d

evelopment

There are established processes 

using this technology such as "The 

Cawse Process", "The bulong 

process",but this processes are for 

nickel processing from ores. 

Technology implementation for 

nickel residues recovery is still 

unavailable

https://www.researchgate.

net/publication/2841438

53_The_recovery_of_nicke

l_and_cobalt_from_leach_

solutions_by_solvent_extr

action_Process_overview_

recent_research_and_deve

lopment

N.A.  NO GO X N.A. YES N.A. YES N.A. NO Acid, Solvents N.F.

The capital costs associated with the leaching operation 

are relatively low. The capital costs for the SX and EW 

circuits are high with very little economy of scale 

available

https://www.researchgate.ne

t/publication/319905769_T

he_Synergistic_Copper_Proc

ess_concept

N.A. N.A. N.A. N.A.
CO2 emissions are derived 

from electricyt comsumption
N.A. N.A.

37 EMISSIONS
SOLID-PART OF 

EMISSIONS
Zn

S : STEEL

P : ELECTRIC ARC FURNACE STEELMAKING AND 

CASTING MANUFACTURING

S : NON FERROUS METALS 

INDUSTRIES

P : LEAD AND TIN PRODUCTION

The aim of this synergy is to 

recover steel sector lead 

emissions from electrical arc 

furnace to provide non-ferrous 

metals industries lead 

production.

MATERIAL EXCHANGE INDIRECT STRANE METHODOLOGY P
Waelz kiln SDHL with 2 

stage washed process

Pelletize the EAF dust, reduction in the kiln (with the presence of coke) and volatilization (Operational temperature = 

1300ºC); Zinc and Lead (and also chlorides and alkalis) are vaporized to gas and further separated through gas treatment 

system (ElectroStatic Precipitators). Waelz oxide is further washed using water and NA2CO3 (or NaHCO3 or NaOH) using 

counter current flow.. Metal chlorides, fluoride, sodium and potassium impurities are removed. Final product is Waelz 

Oxide (Zn - 55-70% ; Pb (10-20%). For Pb concentration a new calcination step at 1000ºC is needed

N.A. N.A. NO

Current practices for waelz oxide further 

processing is treatment in a RLE ( Roach-leach-

Electrowin plant).

Even though this synergy is considered indirect, normally lead and tin industries already have the technologies for lead and tin recovery. Direct synergy approach can be 

considered aswell
P

Site/ext. facility. 

Preferentially send the 

pellezited material to 

an external dedicated 

waelz kiln facility

0,33t washed waelz oxide / t of EAF Dust 3,02t/t dry 

product (waelz oxide [washed])

EAF Dust contains 0.5 - 8% Lead. Waelz oxide contains 

10-20% Lead
BREF_NFM YES

Road; Railroad

Transport of EAF 

Dust

Hermetically sealed metal drums. Exposure to moisture should be avoided. 

Would require complete reprocessing if wet.
YES BREF_NFM YES BREF_NFM Highly implemented. BAT for EAF Dust processing GO X N.A.

YES

Gas only for startup (Heating 

furnace to 1200-1500ºC)

BREF_NFM NO BREF_NFM

YES              In 

washing 

process

BREF_NFM
Coke. Na2CO3 or NaHCO3 

or NaOH
BREF_NFM

105 USD/t EAF Dust 

processed

https://ddtp.tecnicasr

eunidas.es/wp-

content/uploads/201

6/11/P-Solutions-for-

secondary-zinc-

materials-EAFD.pdf

75 M USD for a 400,000 t/y EAF dust capacity

https://ddtp.tecnicasreunid

as.es/wp-

content/uploads/2016/11/

P-Solutions-for-secondary-

zinc-materials-EAFD.pdf

N.F. N.F. N.F.
Economics for waelz kiln implementation are only viable when processing large 

quantities of dust.

YES

Kiln operation and flue-gas
BREF_NFM

Waelz slag ( 1600 

kg/ t dry product); 

Salt residue from 

waelz oxide 

washing (130 kg/t 

product). 

BREF_NFM N.F.

43 SLUDGE SOLID 

NON FERROUS METALS

&

ORGANIC MATERIALS

S : STEEL

P : SINTER PLANTS MANUFACTURING

S : NON FERROUS METALS 

INDUSTRIES

P : SECONDARY COPPER 

SMELTING 

PYROMETALLURGICAL ROUTE

The aim of this synergy is to 

recover sludges from sinter plants 

to provide secondary copper 

smelting pyromatallurgical route.

MATERIAL EXCHANGE INDIRECT
STRANE METHODOLOGY

BREF
P

Hydrometalurgical 

extraction
 Acid leaching - Solvent Extraction - Electrowinning

Acid leaching - Solvent 

Extraction - 

Electrowinning (SX-EW)

Acid leaching is the process of extracting substances from a solid by dissolving them in a acid solution. The SX step involves contacting the pregnant aqueous solution with an organic phase containing an extractant 

chemical that reacts with the copper ions. Copper is selectively removed into the organic phase

leaving behind other unwanted dissolved impurities in the aqueous phase.The electrowinning of copper is an electrolytic process that uses electricity to recover dissolved copper from solution as copper plate, also 

known as ‘cathode’.

NO N.A.

Although no specific studies for Cu recovery from sinter plants sludg were found , extraction of Metals from residues (dusts, slags, sludges) is technically possible using 

Hydrometalurgical processes.. Acid leaching was found to be very dependent on certain variables: - Type of Acid used; - Acid Concentration; Temperature; - Mixing (stirring); - 

Solid:solution ratio; - Operation Time. Solvent extraction is conducted to isolate the metal of interest. Final metal recovery from the solution is possible using electrowinning 

process.  No conclusive Procedure or Technology characterization could be given as it signifcantly depends on the specific residue composition and the experimental conditions 

used.

P Site/Ext.facility N.F.
No Recovery Rates available; Ability to produce high 

purity copper cathodes (99 %)
YES Road; Railroad

Bundles of cathode sheets of between 1 and 4 tonnes and held together 

by steel strapping are shipped unpackaged. Care should be exercised 

during handling to avoid straps breaking which cause the bundles to 

become unstable with potential separation and loss of some sheets

Copper Solvent Extraction - 

Electrowinning is considered a 

commercially available technology. 

EMEW supplies this technology

https://www.researchg

ate.net/publication/31

9905769_The_Synergi

stic_Copper_Process_

concept

YES

No precedents were found 

associated with its utilziation in 

sinter sludges

https://www.911metallurg

ist.com/electrowinning/
N.A. GO X N.A. YES

YES.        Copper 

electrowinning 

requires about 2000 

kWh/t-Cu

https://www.researchgate.net/publicatio

n/319905769_The_Synergistic_Copper_

Process_concept

N.F. Acid, Solvent N.F.

The capital costs associated with the leaching operation 

are relatively low. The capital costs for the SX and EW 

circuits are high with very little economy of scale 

available

https://www.researchgate.ne

t/publication/319905769_T

he_Synergistic_Copper_Proc

ess_concept

N.F. N.F. N.F. N.A.
CO2 emissions are derived 

from electricity comsumption
N.F. N.F.

46 SLUDGE SOLID 

NON FERROUS METALS

&

ORGANIC MATERIALS

S : STEEL

P : SINTER PLANTS MANUFACTURING

S : NON FERROUS METALS 

INDUSTRIES

P : LEAD AND TIN PRODUCTION

The aim of this synergy is to 

recover sludges from sinter plants 

to provide secondary copper 

smelting pyromatallurgical route.

MATERIAL EXCHANGE INDIRECT
STRANE METHODOLOGY

BREF
P

Hydrometalurgical 

extraction
Leaching using NaOH (caustic soda) - electrolysis to recover non-ferrous metals

Caustic soda leach 

process
Base leaching is the process of extracting substances from a solid by dissolving them in a  basic solution. Electrolysis is further applied to recover metallic substances NO N.A.

 Pyrometallurgical approach using the waelz kiln process was presented for Synergy 5 (focused on zinc recovery) and 37 (focused on lead recovery) . Due to High capital and 

working costs for the implementation of pyrometallurgcal processes, only large quantities of sludge with a relatively high Zn concentration can be processed economically. Only 

processing of 50 000 t annual sludge is viable. For this reason, an hydrometallurgical approach is considered for this synergy.  The leaching was found to be very dependent on 

certain variables:  - Solvent Concentration; Temperature; - Mixing (stirring); - Solid:solution ratio; - Operation Time. Synergy only seems viable if Zn is in sufficient quantities for 

reovery alongside Lead. Most studies are centered on the valorizaition of  EAF dusts due to high quantitities of both zinc and lead found on this residue. Furter study is advised 

on the feasibility of applying hydrometallurgical processes for lead recovery on sinter plant sludges

P

Preferentially site. 

Ferrous content of the 

sludge could be 

internally recycled

N.F. Up to 85 % Lead recovery from EAF dust

https://pdfs.sema

nticscholar.org/df

d4/ff34f3e782f7a

e94f8db4b66c06

c832ca1be.pdf

YES Road; Railroad N.F. N.F. N.F.

Caustic soda leaching proved to be sucessfull for the 

recovery of zinc and lead in EAF dust. Further studies 

are advised to prove technical feasibility in sinter 

sludges

 NO GO X N.A. YES YES

https://pdfs.semanticscholar.org/dfd4/f

f34f3e782f7ae94f8db4b66c06c832ca1

be.pdf

YES
https://pdfs.semanticscholar.org/dfd4/ff34f3e782f7ae94f

8db4b66c06c832ca1be.pdf
N.F. N.F. N.F. N.F. N.F. N.F.

https://pdf

s.semantics

cholar.org/

dfd4/ff34f

3e782f7ae

94f8db4b6

6c06c832c

a1be.pdf

The caustic leach-electrowinning process is flexible in scale and can also be applied to 

small and medium scale operations. 

CO2 emissions are derived 

from electricyt comsumption
N.F.

L/S separation residue can be sold to 

lead smelter

76
BASIC OXYGEN 

FURNACE SLAG
SOLID Al2O3

S : STEEL

P : BASIC OXYGEN STEELMAKING AND CASTING 

MANUFACTURING

S : 

NON_FERROUS_METALS_INDUS

TRIES

P : ALUMINA_PRODUCTION

The aim of this synergy is to 

recover Al2O3 from basic oxygen 

furnaces slag to provide 

aluminium production

MATERIAL EXCHANGE INDIRECT STRANE METHODOLOGY N.A. N.A. N.A. N.A. N.A. N.A. N.A.

No studies were found for Alumina recovery in BOF slags. Alumina recovery is extensively considered and implemented for salt slag residues since it has a considerable amount 

of alumina (35-75%). The proposed procedure might involve similar processes as the Full Recycling of Salt Slag of Synergy 31 and 32. BOF slag alumina content is in the range of 

2-10% so this procedure might not be viable. The presence of other metallic oxides in the BOF slag might hinder the recovery of alumina. Another possible solution could be 

sending the BOF slag to primary alumina production to be directly used in the Bayer process.

N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A.  NO GO N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A.

16 AIR EMISSIONS GAS H2SO4
S : STEEL

P : COKE OVEN PLANTS

S : PRODUCTION OF PULP 

PAPER AND BOARD

P : THE SULPHITE PULPING 

PROCESS

The aim of this synergy is to 

recover sulfuric acid from coke 

ovens emissions and provide 

sulphite pulping process.

MATERIAL EXCHANGE INDIRECT STRANE METHODOLOGY P = T H2SO4 production Acid gas feed to Wet sulphuric acid process
Wet sulphuric acid 

process
Combustion to produce SO2 - Oxidation for conversion to SO3 - Hydration to produce H2SO4 (gas) - Condensation - Cooling NO

Sulphite process apply sulphuric acid for 

acidification after the alkaline bleaching stages. 

Accepted concentration for this substance is 

between 70% and 98%

Sulphuric acid recovery is already a standard procedure for the treatment of flue-gases of the steel sector. T Site

As an example more than 55 units have been contracted 

for gas flows ranging from 2600 Nm3/h to 1000000 

Nm3/h

Kazahktsan plant with 6% Vol SO2 gas entry: 2508,3 m3 

H2SO4 / m3 SO2; 1755 t H2SO4 / t SO2 98% achievable 

Acid concentration

https://www.saim

m.co.za/Conferenc

es/Pt2006/191-

198_Rosenberg.p

df

YES Road; Railroad
Sulphuric acid should be packed in UN approved packages – certified steel 

drums lined with HDPE filled to a minimum of 10% ullage.
YES BREF_IS

YES,

highly efficient process

https://www.saimm.co.za/

Conferences/Pt2006/191-

198_Rosenberg.pdf

N.A. GO X N.A.

WSA plant is capable of 

operating

autothermally, i.e. without 

use of support fuel for 

process

gas preheating, when 

processing feed gas with an 

SO2

content as low as 3%

https://www.saimm.co.za/Conferences/Pt2006/191-

198_Rosenberg.pdf

45-50 kWh/MT 

produced acid when 

processing a gas 

received at 1 bar with 

6% SO2

https://www.saimm.co.za/Conferences/P

t2006/191-198_Rosenberg.pdf
YES

https://www.saimm.co.za/Conferences/Pt2006/191-

198_Rosenberg.pdf
N.A. N.F.

2,9M euros (Compressor + Sulfur Burner , Heat 

exchangers, Contact Group, Absorbers)

https://upcommons.upc.ed

u/bitstream/handle/2099.1/

9246/index.pdf

N.F. N.F. N.F. N.A.
Derived only from electricity 

production
N.A.

In the WSA technology, both the 

heat of SO3 hydration, and the heat 

of sulphuric acid condensation are 

recovered to a very high degree.

21 EMISSIONS SOLID SULPHUR
S : STEEL

P : COKE OVEN PLANTS

S : PRODUCTION OF PULP 

PAPER AND BOARD

P : THE SULPHITE PULPING 

PROCESS

The aim of this synergy is to 

sulphur from coke ovens 

emissions and provide sulphite 

pulping process.

MATERIAL EXCHANGE INDIRECT STRANE METHODOLOGY P = PT+T Sulphur Recovery Amine gas treatment (NH3 removal) - Claus process - (Tail Gas Treatment)
Base Claus process ( 3-

stage reactor)
Thermal step (combustion) to produce SO2- Catalytic step for unburned H2S to react with SO2 to produce Sulphur and water - Cooling - Condensation NO

Post treatment can be considered in order to 

further improve sulphur recovey rates (over 96-

98%). Post treatment involve the use of Tail-gas 

treatment Units. Technologies such as 

SUPERCLAUS (98-99%), SCOT (99,8+%) are 

commonly used

Sulfur recovery is already a standard procedure in the steel sector. Flexibility to process feed gases with different Hydrogen Sulfide (H2S) content ( 20 - 100% v/v) P Site N.F.
Up to 96-98% recovery with base 3 stage claus process. 

Up to 99.9% purity

https://www.engin

eering-

airliquide.com/oxy

claustm-sulfur-

recovery-unit

YES Road; Railroad Sulphur standard transport procedures YES BREF_REF YES BREF_REF
Claus process is the standard for Sulphur recovery 

units
GO X N.A. 1 000 - 16 000 MJ//t BREF_REF 60-75 kWh/t BREF_REF

Cooling water 0 

- 20 m3/t
BREF_REF

Catalysts (activated 

alumina) for catalytic 

stage 

N.F.
50 t/d - 12 M                  100 t/d 19 M            250 t/d 35 

for new SRU including TGTU to give >99%  S recovery
BREF_REF N.A. N.A. N.A. New SRU including TGTU to give >99% S recovery

Reduction of SO2 (Tail-gas 

Treatment unit) leads to an 

increase in the CO2 

emissions

N.A. N.A.

77
BASIC OXYGEN 

FURNACE SLAG
SOLID Al2O3

S : STEEL

P : BASIC OXYGEN STEELMAKING AND CASTING 

MANUFACTURING

S : CERAMIC

P : 

ELECTROPORCELAIN_MANUFAC

TURING

The aim of this synergy is to 

recover Al2O3 from basic oxygen 

furnaces slag to provide 

aluminium production

MATERIAL EXCHANGE INDIRECT STRANE METHODOLOGY N.A. N.A. N.A. N.A. N.A. N.A. N.A.

No studies were found for Alumina recovery in BOF slags. Alumina recovery is extensively considered and implemented for salt slag residues since it has a considerable amount 

of alumina (35-75%). Proposed procedure might involve similar processes as the Full Recycling of Salt Slag of Synergy 31 and 32. BOF slag alumina content is in the range of 2-

10% so this procedure might not be quite viable. The presence of other metallic oxides in the BOF slag might hinder the recovery of alumina. Another proposed solution could 

be sending the BOF slag to primary alumina production to be directly used in the Bayer process.

N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A.  NO GO N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A.

17 OFF_GAS GAS HYDROGEN

S : ORGANIC CHEMICALS

P : STYRENE MANUFACTURING BY 

DEHYDROGENATION

S : REFINING MINERAL OIL AND 

GAS

P : ISOMERISATION PROCESS

The aim of this synergy is to 

recover hydrogen from styrene 

manufacturing by 

dehydrogenation and provide 

isomerisation processes in 

refining industries.

MATERIAL EXCHANGE INDIRECT

STRANE METHODOLOGY

BREF

BEST PRACTICES

P=PT+T
HYDROGEN 

PURIFICATION

The off-gas from Dehydrogenation of ethylbenzene is separated from crude styrene in a phase separator. Then the off-

gas is purified in a PSA unit.

PSA unit - Pressure 

Swing Adsortion
High pressure unit composed by adsorbent materials (GAC/zeolites) working in pressurize and depressurized cycles separating hydrogen from impurities. NO

Hydrogen can be used directly in isomerisation 

process.
AC has lower cost and higher hydrophobicity than zeolites. T Site/Ext.facility 10 002 Nm3/h   

high purity hydrogen (99.999%) with recoveries from 

70 to 90%
Itsuki, 2001 YES

Road; Railroad; 

Pipeline

Pipeline transportation is adviced in near facilities; Gaseous hydrogencan 

be transported in small to medium quantities in compressed gas 

containers. Liquid hydrogen can be transported in liquid hydrogen trailers. 

Over longer distance it is usually more cost-effective to transport 

hydrogen in liquid form since a liquid hydrogen can hold substantially 

more hydrogen than a pressurized gas tank.Gas containers could be used 

by train or truck mobility. 

YES BREF_CWW YES BREF_CWW
Popular technology among Hydrogen separation 

plants
GO X N.A. NO BREF_CWW

YES 

LOW    
BREF_CWW NO BREF_CWW

Adsorbent materials 

(GAC/zeolites)

Low, except for the 

purchase of the adsorbent
BREF_CWW 10 000 - 50 000 €1000 Nm3/h BREF_CWW N.F. N.F. N.F.

High cost-effectiveness. Low cost and simple operation. No specific economic 

evaluation of the PSA technology was found. The values presented are referred to a 

general approximation of an adsorption process.

N.F. N.F. N.F.

19 PROCESS GASES GAS HYDROGEN
S : ORGANIC CHEMICALS

P : STEAM CRACKING

S : REFINING MINERAL OIL AND 

GAS

P : HYDRODESULPHURISATION 

PROCESS

The aim of this synergy is to 

recover hydrogen gas from steam 

cracking and provide 

hydrodesulphurisation processes 

in refining industries.

MATERIAL EXCHANGE INDIRECT

STRANE METHODOLOGY

BREF

BEST PRACTICES

P = PT+T
HYDROGEN 

RECOVERING

In the last step of steam cracking (co-product fractionation) the co-products are separated using a sequence of splitters 

and fractionating columns. In order to separate methane and hydrogen, a temperature as low as -150ºC is required (cold 

box). The hydrocarbons condensed and result hydrogen (80-96%) and some uncondensed methane. To separate 

methane and hydrogen "Front-end Demethaniser" is used. Hydrogen (that contains CO need to be purified before it 

can be used for hydrogenation in a PSA unit. 

PSA unit - Pressure 

Swing Adsortion
High pressure unit composed by adsorbent materials (GAC/zeolites) working in pressurize and depressurized cycles separate hydrogen from impurities. NO

Hydrogen can be used directly in 

hydrodesulphurisation process.
N.A. T Site/Ext.facility

Even a reference yeild for the PSA unit can be obtained 

(10000 Nm3/h). Data for both processes is not available, 

but in this process, PSA unit cannot be separated from 

Front-End Demethaniser.

high purity hydrogen (99.999%) with recoveries from 

70 to 90%
YES

Road; Railroad; 

Pipeline

Pipeline transportation is adviced in near facilities; Gaseous hydrogencan 

be transported in small to medium quantities in compressed gas 

containers. Liquid hydrogen can be transported in liquid hydrogen trailers. 

Over longer distance it is usually more cost-effective to transport 

hydrogen in liquid form since a liquid hydrogen can hold substantially 

more hydrogen than a pressurized gas tank.Gas containers could be used 

by train or truck mobility. 

YES BREF_CWW YES BREF_CWW

Processing of off-gases is already a standard in this 

sender process. If the proposed technology is already 

implemented at the sender process then the 

Hydrogen is already a by-product and can be directly 

sent to final users

GO X N.A. NO BREF_CWW
YES

MED-LOW 
BREF_CWW NO BREF_CWW

Adsorbent materials 

(GAC/zeolites)

PSA: Low, except for the 

purchase of the adsorbent
BREF_CWW

For the PSA unit the price range is between 10 000 - 50 

000 € /1000 Nm3/h BREF_CWW N.F. N.F. N.F. N.A. N.F. N.F. N.F.

73
SPENT CATALYST 

METAL OXIDE
SOLID Pt

S : ORGANIC CHEMICALS

P : METAL OXIDE PROCESS

S : 

REFINING_MINERAL_OIL_AND_

GAS

P : 

CATALYTIC_CRACKING_FCC_PRO

CESS

The aim of this synergy is to 

recover Pt precious metals from 

metal oxide process and provide 

catalytic cracking FCC in refineries.

MATERIAL EXCHANGE INDIRECT STRANE METHODOLOGY P = T
Hydrometallurgical 

extraction
Crushing the spent catalyst - Acid leaching with HCl and an oxidizing agent - Ion Exchange (IX)

Acid Leaching - Ion 

Exchange (IX)

Acid leaching is the process of extracting substances from a solid by dissolving them in a acid solution. Palladium from the anode slime is dissolved in HCL 1:1 with the addiction of Cl2 gas as an oxidant. This solution 

is suitable for selective separation from base metals using Ion Exchange technology.
NO N.A:

Traditional methods for pgm recovery from spent catalyst involve the use of Acid leaching and Precipitation processes. However, recent advances involve the use of Acid 

leaching and Solvent extraction or Ion Exchange technologies. Studies show that more focus is being given to the combination of Acid leaching and to solvent and solid phase 

extraction methods, in particular to ion exchange resin technology due to the ever-increasing sophistication for more selective resins, and the development of separation 

techniques using ion exchange resin. As for Solvent extraction methods, despite being a promising method for the recovery of PGM from low concentration sources, there are 

some reports of practical drawbacks due to high cost of solvents and production costs. For this reason, Ion Exchange was the chosen technology. The main factors affecting the 

Ion Exchange process are acidity and chloride ion concentration of the aqueous chloride solution, "ageing" of the solution, and temperature of the contacting solution. This 

process conditions should be tested for optimal process operation. For this reason, no detailed information could be given for the economic analysis. A recovery rate of 98% 

after 1,5 hour and a level of purity of 99,9% can be obtain with a Solvent Extraction SX technology, with an acid leaching with HCL and HNO3 followed by a solvent extraction 

with TOPO and Kerosene. 

P Site/ Ext. facility

Ion exchange resin has a total capacity and an operating 

capacity, which are dependent on the following factors: 

Type of resin and total number of functional sites per 

unit of volume; Regenerant used; Percent concentration 

of the regenerant; Dosage (Lbs/CF); Empty Bed Contact 

Time (EBCT) or Total Regenerant Contact Time (TRCT); 

Ratio and affinity of ions in the feed stream to the resin

99,99 % purity with a 98% recovery rate of Platinum YES Road; Railroad
Precious metals must be safely lashed and secured inside dry steel 

containers.
YES

https://www.tandfonli

ne.com/doi/abs/10.10

80/08827508.2013.7

64875

YES

https://www.tandfonline.c

om/doi/abs/10.1080/088

27508.2013.764875

https://www.researchgate.net/publication/26030312

9_Automotive_spent_catalysts_treatment_and_platin

um_recovery

GO X N.A. YES BREF_CWW YES BREF_CWW NO BREF_CWW HCL, oxidizing agents,
HIGH          Maintenance, 

the price of acids is high

https://www.samcotec

h.com/how-much-

does-it-cost-to-buy-

maintain-and-dispose-

of-ion-exchange-

resins/

The capital costs associated with the leaching operation 

are relatively low.  The capital costs for the IX technology 

are high. These costs can be difficult to narrow down 

because of the many types of resins available on the 

market today. Resin costs vary depending on the 

manufacturer, type, quality, and spherical size.  The 

capital cost of an SX circuit include: 1) General site 

development and utility installation, 2) Pregnant leach 

solution (PLS) ponds and pumps, 3) Raffinate pond, 4) 

Mixer-Settlers, 5) Organic tanks and pumps, 6) Crud 

treatment system, and 7) Initial fill of diluent and copper 

extractant. 

https://www.911metallurgis

t.com/sx-ew-capital-

operating-cost/

NA NA NA
There are some companies that already recover spent catalyst: LSR Legend, METALLIX, 

PGM of Texas, Tetronics, SABIN Metal corporation,
N.F. N.F. N.F.

3
PRIMARY LIQUID 

FUEL
LIQUID

ACETALDEHYDE

DIETHYL ETHER

ETHYL ACETATE

ETHYL PROPIONATE

S : ORGANIC CHEMICALS

P : ETHYL ACETATE PRODUCTION

S : CEMENT

P : BURNING

The aim of this synergy is to 

recover waste fuels from ethyl 

acetate cleaning operation and 

send it to cement sector for 

clinker kiln combustible supply

COMBUSTIBLE INDIRECT
INDUSTRIAL PARTNER 

SOURCE
P = T

Acid/Organic fractions 

separation 
The mixture enters the collumn of fractional distillation to separate the organic part from the acid part. Fractional Distillation

The mixture of two or more substances (liquids) with different boiling points is heated to a high temperature. The mixture boils and the vapor enters in the bottom of a long column (fractional distillation column) that 

is filled with trays or plates. The trays have many holes in them to allow the vapor to pass through. When a substance in the vapor reaches a height where the temperature of the column is equal to that substance's 

boiling point, it will condense to form a liquid. The trays collect the various liquid fractions. The substance with the lowest boiling point will condense at the highest point in the column; substances with higher boiling 

points will condense lower in the column. 

NO N.A.

Fractional distillation is the best way to separate the organic from the acid fraction because the difference between their highest boiling points is less than 20 degrees. 

Acetaldehyde (20,2ºC); Dielthylether (34,6ºC); Ethyl Acetate (77,1ºC); Ethyl Proprionate (98,9ºC); Acid Acetic (118,1ºC). The components are not azeotropics. Operating 

pressure impacts all aspects of column design. The distillation columns can be trayed column or packed bed columns. Packing is preferred for smaller towers while trays are 

mainly used in lager columns, with diameters greater than 1 m. The use of tray columns with diameters in the 457 mm to 610 mm range is not usually economical and a packed 

tower in such cases will prove the best economically. On the other hand, packed towers are not limited to small units and the use of larger-diameter packing columns may still 

provide the less expensive choice for some specific applications.In packed columns, some of the ultimate performance depends on the column diameter.

T Site/ Ext. facility
Flowrates ranging of the column depends on the scale, it 

can be from less than 1 to greater than 1,000 kg/h.

Tray efficiency is between 50%-98%. The performance 

of a distillation column is determined by feed 

conditions, internal liquid and fluid flow conditions, 

state of trays, operating pressure, temperature.

YES Road; Railroad

Store under an inert atmosphere. Keep container tightly closed in a dry and 

well-ventilated place. Use non-sparkling type tools and equipment, 

includinf explosion proof ventilation. Containers may be hazardous when 

empty since they retain product residues.

YES

https://www.sciencedi

rect.com/science/articl

e/pii/B978012814653

8000114

YES

https://www.sciencedirect

.com/science/article/pii/B

9780128146538000114

Distillation makes about 95% of all current industrial 

separation processes. It has been used in chemical 

industries, pharmaceutical and food industries, 

environmental technologies and in petroleum-

refineries.

GO X N.A. YES YES
A consumer of enormous amounts of 

energy in terms of cooling and heating.
NO N.A.

Mostly associated to 

maintenance procedures

 Proper sizing of the column diameter is also crucial for 

other economic considerations as the costs of 

fractionation equipment are markedly influenced by the 

column diameter.

N.F. N.F. N.F.

The tray efficiency can be estimated more accurately considering the design of 

fractionation columns,  normally made in two steps; a process design, followed by a 

mechanical design. The purpose of the process design is to calculate the number of 

required theoretical stages and stream flows including the reflux ratio, heat reflux and 

other heat duties. The purpose of the mechanical design, on the other hand, is to select 

the tower internals and calculate column diameter and height. For the efficient selection 

of tower internals and the accurate calculation of column height and diameter, many 

factors must be taken into account. Some of the factors involved in design calculations 

include feed load size and properties and the type of distillation column utilized. This 

phase of column design has a major impact on column costs, for the choice of internals 

influences all costs of the distillation system including the column, attendant 

structures, connecting piping and auxiliaries such as reboiler, condenser, feed heater, 

and control instruments. In industrial applications, diameters of fractionation columns 

vary greatly and may range from about 65 cm in smaller towers to about 6 m and more 

in larger columns, even up to 15 m in some applications.

N.F. N.F. N.F.

71 ANODE SLIME SOLID Pd

S : NON FERROUS METALS INDUSTRIES

P : PRIMARY COPPER SMELTING 

PYROMETALLURGICAL ROUTE

S : 

REFINING_MINERAL_OIL_AND_

GAS

P : 

CATALYTIC_CRACKING_FCC_PRO

CESS

The aim of this synergy is to 

recover Pd precious metals from 

primary copper smelting and 

provide catalytic cracking FCC in 

refineries.

MATERIAL EXCHANGE INDIRECT
STRANE METHODOLOGY

BREF
P = T

Hydrometallurgical 

extraction
 Acid leaching with HCl and an oxidizing agent - Ion Exchange (IX)

Acid Leaching - Ion 

Exchange (IX)

Acid leaching is the process of extracting substances from a solid by dissolving them in a acid solution. Palladium from the anode slime is dissolved in HCL 1:1 with the addiction of Cl2 gas as an oxidant. This solution 

is suitable for selective separation from base metals using Ion Exchange technology.
NO High level of purity 

The precise constituition and impurities of the slimes is determined by the original copper ore, the pyrometallurgical processing treatment and the electrolytic refining 

conditions. Traditional methods for pgm recovery from anode slimes involve the use of Acid leaching and Precipitation processes. However, recent advances involve the use of 

Acid leaching and Solvent extraction or Ion Exchange technologies. Studies show that more focus is being given to the combination of Acid leaching and to solvent and solid 

phase extraction methods, in particular to ion exchange resin technology due to the ever-increasing sophistication for more selective resins, and the development of separation 

techniques using ion exchange resin. As for Solvent extraction methods, despite being a promising method for the recovery of PGM from low concentration sources, there are 

some reports of practical drawbacks due to high cost of solvents and production costs. For this reason, Ion Exchange was the chosen technology. The main factors affecting the 

Ion Exchange process are acidity and chloride ion concentration of the aqueous chloride solution, "ageing" of the solution, and temperature of the contacting solution. This 

process conditions should be tested for optimal process operation. For this reason, no detailed information could be given for the economic analysis.

P Site/ Ext. facility

Ion exchange resin has a total capacity and an operating 

capacity, which are dependent on the following factors: 

Type of resin and total number of functional sites per 

unit of volume; Regenerant used; Percent concentration 

of the regenerant; Dosage (Lbs/CF); Empty Bed Contact 

Time (EBCT) or Total Regenerant Contact Time (TRCT); 

Ratio and affinity of ions in the feed stream to the resin

99,99 % purity with a 98% recovery rate of Palladium 

using HCL 1:1 with Cl2 gas as the oxidizing agent

https://www.tmt.u

nze.ba/zbornik/T

MT2011/040-

TMT11-055.pdf

YES Road; Railroad
Precious metals must be safely lashed and secured inside dry steel 

containers.
YES

https://www.tandfonli

ne.com/doi/abs/10.10

80/08827508.2013.7

64875

YES

https://www.tandfonline.c

om/doi/abs/10.1080/088

27508.2013.764875

Due to the high prices of precious metals is worthy to 

recover it from anode slimes, even when small 

quantities are identified.

GO X N.A. YES BREF_NFM YES BREF_NFM NO BREF_NFM
HCL, oxidizing agents, 

Resins for IX

HIGH          Maintenance, 

the price of acids is high

https://www.samcotec

h.com/how-much-

does-it-cost-to-buy-

maintain-and-dispose-

of-ion-exchange-

resins/

The capital costs associated with the leaching operation 

are relatively low. The capital costs for the IX technology 

are high. These costs can be difficult to narrow down 

because of the many types of resins available on the 

market today. Resin costs vary depending on the 

manufacturer, type, quality, and spherical size. 

There is some companies 

that sell IX technology: 

Calgon Carbon; Rohm and 

Haas; Resinex; SAMCO, 

Purolite, Mitsubishi 

Chemical.

N.F. N.F.
The resin has to be substitute periodically, 

depends on the type of resin.

There is some companies that already recover precious metals: Outotec, JBR RECOVERY, 

SAAMP, Specialty Metals smelters and refiners, SAXONIA,
N.F. N.F. N.F.

74 ANODE SLIME SOLID Rh

S : NON FERROUS METALS INDUSTRIES

P : PRIMARY COPPER SMELTING 

PYROMETALLURGICAL ROUTE

S : 

REFINING_MINERAL_OIL_AND_

GAS

P : 

CATALYTIC_CRACKING_FCC_PRO

CESS

The aim of this synergy is to 

recover Pd (Rh) precious metals 

from primary copper smelting and 

provide catalytic cracking FCC in 

refineries.

MATERIAL EXCHANGE INDIRECT
STRANE METHODOLOGY

BREF
P = T

Hydrometallurgical 

extraction
 Acid leaching with HCl and an oxidizing agent - Ion Exchange (IX)

Acid Leaching - Ion 

Exchange (IX)

Acid leaching is the process of extracting substances from a solid by dissolving them in a acid solution. Palladium from the anode slime is dissolved in HCL 1:1 with the addiction of Cl2 gas as an oxidant. This solution 

is suitable for selective separation from base metals using Ion Exchange technology.
NO High level of purity

The precise constituition and impurities of the slimes is determined by the original copper ore, the pyrometallurgical processing treatment and the electrolytic refining 

conditions. Traditional methods for pgm recovery from anode slimes involve the use of Acid leaching and Precipitation processes. However, recent advances involve the use of 

Acid leaching and Solvent extraction or Ion Exchange technologies. Studies show that more focus is being given to the combination of Acid leaching and to solvent and solid 

phase extraction methods, in particular to ion exchange resin technology due to the ever-increasing sophistication for more selective resins, and the development of separation 

techniques using ion exchange resin. As for Solvent extraction methods, despite being a promising method for the recovery of PGM from low concentration sources, there are 

some reports of practical drawbacks due to high cost of solvents and production costs. For this reason, Ion Exchange was the chosen technology. The main factors affecting the 

Ion Exchange process are acidity and chloride ion concentration of the aqueous chloride solution, "ageing" of the solution, and temperature of the contacting solution. This 

process conditions should be tested for optimal process operation. For this reason, no detailed information could be given for the economic analysis.

P Site/ Ext. facility

Ion exchange resin has a total capacity and an operating 

capacity, which are dependent on the following factors: 

Type of resin and total number of functional sites per 

unit of volume; Regenerant used; Percent concentration 

of the regenerant; Dosage (Lbs/CF); Empty Bed Contact 

Time (EBCT) or Total Regenerant Contact Time (TRCT); 

Ratio and affinity of ions in the feed stream to the resin

N.F. YES Road; Railroad
Precious metals must be safely lashed and secured inside dry steel 

containers.
YES

https://www.tandfonli

ne.com/doi/abs/10.10

80/08827508.2013.7

64875

YES

https://www.tandfonline.c

om/doi/abs/10.1080/088

27508.2013.764875

Due to the high prices of precious metals is worthy to 

recover it from anode slimes, even when small 

quantities are identified.

GO X N.A. YES BREF_NFM YES BREF_NFM NO BREF_NFM
HCL, oxidizing agents, 

Resins for IX

HIGH          Maintenance, 

the price of acids is high

https://www.samcotec

h.com/how-much-

does-it-cost-to-buy-

maintain-and-dispose-

of-ion-exchange-

resins/

The capital costs associated with the leaching operation 

are relatively low. The capital costs for the IX technology 

are high. These costs can be difficult to narrow down 

because of the many types of resins available on the 

market today. Resin costs vary depending on the 

manufacturer, type, quality, and spherical size. 

There is some companies 

that sell IX technology: 

Calgon Carbon; Rohm and 

Haas; Resinex; SAMCO, 

Purolite, Mitsubishi 

Chemical.

N.F. N.F.
The resin has to be substitute periodically, 

depends on the type of resin.

There is some companies that already recover precious metals: Outotec, JBR RECOVERY, 

SAAMP, Specialty Metals smelters and refiners, SAXONIA,
N.F. N.F. N.F.

31 SALT SLAG SOLID ALUMINIUM OXIDES
S : NON FERROUS METALS INDUSTRIES

P : SALT SLAG

S : CEMENT

P : RAW MATERIALS 

PREPARATION

The aim of this synergy is to 

recover aluminium oxides from 

non ferrous metals salt slag 

process and provide cement 

sector for clinker raw material 

preparation.

MATERIAL EXCHANGE INDIRECT
STRANE METHODOLOGY

BREF
P = PT+T

Full Recycling of Salt 

Slag

Salt Slag  is Crushed and Sieved to recover Aluminium granulate. Then Leaching - Thickener ( Treated gas / emmonium 

sulphate). Filter (washing and dryer - to recover aluminium oxides) - Centrifuge and  Dryer are applied before the  

Recycling Salt

Recover Aluminium 

Oxides
In the full recyling of salt slag the aluminium oxides are recovered by Filtration, followed by washing and drying of insoluble oxides. NO

Aluminium Oxides can be used directly to cement 

sector.
This process is already used in Salt Slag plants, salt slag have to be recycled. P Site

The yield of this procedure is diffciult to obtain, there are 

a lot of steps dependent from each other. Per each tone 

of salt slag result 0,46-0,68 t of aluminium oxides.

100% of the insoluble aluminium oxides BREF_NFM YES Road; Railroad

Before loading ensure container resp. compartment is clean and dry. 

Alumina is a very dusty cargo and should remain perfectly dry. Other cargo 

must also be protected against dust damage. Fine alumina penetrates 

everywhere and given the possibility of high loading temperature (65-

70°C). EPI must be used in all handling stages. Safety glasses, goggles, 

protective clothing is adviced.

YES BREF_NFM YES BREF_NFM

Processing of salt slag is already a standard in this 

sender process. Aluminium oxides separation is 

already implemented and can be directly sent to final 

users

GO X N.A. NO BREF_NFM

YES

1900 MJ to 3845 MJ 

per tonne of salt slag 

processed 

(FUEL+ELETRICITY)

BREF_NFM

YES      Close 

loop 

recirculation

BREF_NFM N.A. High cost ALTEK High cost ALTEK N.F.

Less than 2 

years. Ref 

Ultromex

Long life Treatment costs are similar to disposal costs N.F. N.F.

All off-gases are treated in a bag filter 

and the separated dust is sent 

directly to the dissolvers

9 OFF-GAS GAS SULPHURIC ACID

S : NON FERROUS METALS INDUSTRIES

P : PRIMARY COPPER SMELTING 

PYROMETALLURGICAL ROUTE

S : INORGANIC CHEMICALS

P : SULPHATE PROCESS

The aim of this synergy is to 

recover sulphuric acid, as a by-

product of copper primary 

smelting route, and provide 

sulphate process in inorganic 

chemical industries.

MATERIAL EXCHANGE INDIRECT
STRANE METHODOLOGY

BREF
P = T H2SO4 production Acid gas feed to Wet sulphuric acid process

Wet sulphuric acid 

process
Combustion to produce SO2 - Oxidation for conversion to SO3 - Hydration to produce H2SO4 (gas) - Condensation - Cooling NO

Sulphate process apply sulphuric acid for 

digestion of the titanium sources (ores or slag). 

Different streams of sulphuric acid are used, with 

concentrations from 70%, through 80% to 96%

Sulphuric acid recovery is already a standard procedure in the copper smelting process T Site

As an example more than 55 units have been contracted 

for gas flows ranging from 2600 Nm3/h to 1000000 

Nm3/h

Kazahktsan plant with 6% Vol SO2 gas entry: 2508,3 m3 

H2SO4 / m3 SO2; 1755 t H2SO4 / t SO2. 98% 

achievable Acid concentration. 

https://www.saim

m.co.za/Conferenc

es/Pt2006/191-

198_Rosenberg.p

df

YES Road; Railroad
Sulphuric acid should be packed in UN approved packages – certified steel 

drums lined with HDPE
YES BREF

YES

highly efficient process

https://www.saimm.co.za/

Conferences/Pt2006/191-

198_Rosenberg.pdf

Sulphuric acid recovery is already a standard in this 

sender sector. Equipment to produce Sulphuric Acid 

is already available at this sender process

GO X N.A.

WSA plant is capable of 

operating

autothermally, i.e. without 

use of support fuel for 

process

gas preheating, when 

processing feed gas with an 

SO2

content as low as 3%

https://www.saimm.co.za/Conferences/Pt2006/191-

198_Rosenberg.pdf

45-50 kWh/MT 

produced acid when 

processing a gas 

received at 1 bar with 

6% SO2

https://www.saimm.co.za/Conferences/P

t2006/191-198_Rosenberg.pdf
YES N.A. N.F.

2,9M euros (Compressor + Sulfur Burner , Heat 

exchangers, Contact Group, Absorbers)

https://upcommons.upc.ed

u/bitstream/handle/2099.1/

9246/index.pdf

N.F. N.F. N.F. N.A.
Derived only from electricity 

production
N.F.

In the WSA technology, both the 

heat of SO3 hydration, and the heat 

of sulphuric acid condensation are 

recovered to a very high degree.

10 SULPHURIC ACID LIQUID SULPHURIC ACID
S : NON FERROUS METALS INDUSTRIES

P : LEAD AND TIN PRODUCTION

S : INORGANIC CHEMICALS

P : SULPHATE PROCESS

The aim of this synergy is to 

recover sulphuric acid, as a by-

product of lead and tin process 

production in non-ferrous metals 

industries, and provide sulphate 

process in inorganic chemical 

industries.

MATERIAL EXCHANGE INDIRECT
STRANE METHODOLOGY

BREF
P =T H2SO4 production Acid gas feed to Wet sulphuric acid process

Wet sulphuric acid 

process
Combustion to produce SO2 - Oxidation for conversion to SO3 - Hydration to produce H2SO4 (gas) - Condensation - Cooling NO

Sulphate process apply sulphuric acid for 

digestion of the titanium sources (ores or slag). 

Different streams of sulphuric acid are used, with 

concentrations from 70%, through 80% to 96%

Sulphuric acid recovery is already a standard procedure in the lead and tin smelting process T Site

As an example more than 55 units have been contracted 

for gas flows ranging from 2600 Nm3/h to 1000000 

Nm3/h

Kazahktsan plant with 6% SO2 gas entry: 2508,3 m3 

H2SO4 / m3 SO2; 1755 t H2SO4 / t SO298% achievable 

Acid concentration

https://www.saim

m.co.za/Conferenc

es/Pt2006/191-

198_Rosenberg.p

df

YES Road; Railroad
Sulphuric acid should be packed in UN approved packages – certified steel 

drums lined with HDPE
YES BREF

YES

Highly efficient process

https://www.saimm.co.za/

Conferences/Pt2006/191-

198_Rosenberg.pdf

Sulphuric acid recovery is already a standard in this 

sender sector. Equipment to produce Sulphuric Acid 

is already available at this sender process

GO X N.A.

WSA plant is capable of 

operating

autothermally, i.e. without 

use of support fuel for 

process

gas preheating, when 

processing feed gas with an 

SO2

content as low as 3%

https://www.saimm.co.za/Conferences/Pt2006/191-

198_Rosenberg.pdf

45-50 kWh/MT 

produced acid when 

processing a gas 

received at 1 bar with 

6% SO2

https://www.saimm.co.za/Conferences/P

t2006/191-198_Rosenberg.pdf
YES N.A. N.F.

2,9M euros (Compressor + Sulfur Burner , Heat 

exchangers, Contact Group, Absorbers)

https://upcommons.upc.ed

u/bitstream/handle/2099.1/

9246/index.pdf

N.F. N.F. N.F. N.A.
Derived only from electricity 

production
N.F.

In the WSA technology, both the 

heat of SO3 hydration, and the heat 

of sulphuric acid condensation are 

recovered to a very high degree.

39 SULPHURIC ACID LIQUID SULPHURIC ACID
S : NON FERROUS METALS INDUSTRIES

P : LEAD AND TIN PRODUCTION

S : INORGANIC CHEMICALS

P : PRECIPITATED SILICA AND 

SILICA GEL MANUFACTURING

The aim of this synergy is to 

recover sulphuric acid, as a by-

product of lead and tin process 

production in non-ferrous metals 

industries, and provide sulphate 

process in inorganic chemical 

industries.

MATERIAL EXCHANGE INDIRECT STRANE METHODOLOGY P = T H2SO4 production Acid gas feed to Wet sulphuric acid process
Wet sulphuric acid 

process
Combustion to produce SO2 - Oxidation for conversion to SO3 - Hydration to produce H2SO4 (gas) - Condensation - Cooling No

Sulphite process apply sulphuric acid for 

acidification after the alkaline bleaching stages. 

Accepted concentration for this substance is 96 

%

Sulphuric acid recovery is already a standard procedure in the lead and tin smelting process T Site

As an example more than 55 units have been contracted 

for gas flows ranging from 2600 Nm3/h to 1000000 

Nm3/h

Kazahktsan plant with 6% Vol SO2 gas entry: 2508,3 m3 

H2SO4 / m3 SO2; 1755 t H2SO4 / t SO2 98% achievable 

Acid concentration

https://www.saim

m.co.za/Conferenc

es/Pt2006/191-

198_Rosenberg.p

df

YES Road; Railroad
Sulphuric acid should be packed in UN approved packages – certified steel 

drums lined with HDPE
YES BREF

YES

Highly efficient process

https://www.saimm.co.za/

Conferences/Pt2006/191-

198_Rosenberg.pdf

Sulphuric acid recovery is already a standard in this 

sender sector. Equipment to produce Sulphuric Acid 

is already available at this sender process

GO X N.A.

WSA plant is capable of 

operating

autothermally, i.e. without 

use of support fuel for 

process

gas preheating, when 

processing feed gas with an 

SO2

content as low as 3%

https://www.saimm.co.za/Conferences/Pt2006/191-

198_Rosenberg.pdf

45-50 kWh/MT 

produced acid when 

processing a gas 

received at 1 bar with 

6% SO2

https://www.saimm.co.za/Conferences/P

t2006/191-198_Rosenberg.pdf
YES N.A. N.F.

2,9M euros (Compressor + Sulfur Burner , Heat 

exchangers, Contact Group, Absorbers)

https://upcommons.upc.ed

u/bitstream/handle/2099.1/

9246/index.pdf

N.F. N.F. N.F. N.A.
Derived only from electricity 

production
N.F.

In the WSA technology, both the 

heat of SO3 hydration, and the heat 

of sulphuric acid condensation are 

recovered to a very high degree.

38 COKE OVEN GAS GAS BENZENE
S : STEEL

P : COKE OVEN PLANTS

S : ORGANIC CHEMICALS

P : ETHYLBENZENE 

MANUFACTURING

The aim of this synergy is to 

recover benzene from coke ovens 

and provide ethylbenzene 

manufacturing.

MATERIAL EXCHANGE INDIRECT STRANE METHODOLOGY P = PT + T + POT Coke Oven Gas Cleanup

First the tars are recovered  in a tar decanter. Next step consider ammonia removal, the typical approach is to contact the 

coke oven gas with a solution of sulfuric acid to form ammonium sulfate, which is then recovered by crystallization, dried 

and sold as fertilizer. Alternatively it can be sent to a scrubber with water and then send it to a fractionator. Then the coke 

oven gas is cooled and passed to the light oil absorber, where benzene, toluene, xylene and high aromatics are scrubbed 

from the gas using a wash oil.

 Wash oil Scrubber The emissions enter the bottom of the scrubbing chamber and contac with a spray of a wash oil that is introduced into the top of the spray chamber. The wash oil sprays absorbs benzene from the vent vapors. YES

 After passing through the scrubber, the 

benzolized wash oil is routed to the light oil 

recovery plant for removal of benzene and other 

organics from the wash oil. 

Considerable variations are possible from plant to plant. P Site/ Ext. facility

Depending on the component  to-be-removed , residual 

emission, scrubbing liquid and the type of application. 

The range of a flow rate is between 50 – 500 000 Nm3/h.

The wash oil removes 90 to 95 percent of the light oil 

from the coke oven gas. The rate and efficiency of 

absorption at constant pressure depend on: the 

chemical  and physical properties of the solvent (wash 

oil) and the solute (benzene), the operating 

temperature, the contacting efficiency of the column, 

and the gas and liquid flow rates.

https://emis.vito.b

e/en/techniekfiche

/gas-scrubbing-

general

YES
Road; Railroad; 

Pipeline

Benzene is typically inventoried in bulk storage tanks equipped with 

floaing roofs to reduce emissions
YES

Benzene Emissions 

from coke by-product 

Recovery Plants - 

Background 

information for 

proposed standards.

YES

Benzene Emissions from 

coke by-product Recovery 

Plants - Background 

information for proposed 

standards.

Benzene is one of the residues of coke oven gas and 

can be valorized for another sector, as ethylbenzene 

manufacturing.

GO X N.A. NO YES
https://emis.vito.be/en/techniekfiche/ga

s-scrubbing-general
YES

https://emis.vito.be/en/techniekfiche/gas-scrubbing-

general
Wash oil

The maintance costs are 

high. The price of wash oil 

is high.

 2 000 – 30 000 EUR for 1 000 Nm³/h (recirculation 
scrubber with pomp). 

No available information 

about the prices of wash oil 

scrubbers and the light oil 

recovery plant.

N.F. N.F. N.F. Scrubber selling company: Alfa Laval N.A N.A
Ammonium Sulfate that can be sold 

as a fertilizer

57 FILTER DUST SOLID ALUMINIUM
S : NON FERROUS METALS INDUSTRIES

P : SECONDARY ALUMINIUM

S : IRON AND STEEL

P : BASIC OXYGEN STEELMAKING

The aim of this synergy is to 

separate then recover acid and 

dust from filter dust, as a by-

product of aluminium primary 

smelting route, and provide basic 

oxygen steelmaking route.

MATERIAL EXCHANGE INDIRECT STRANE METHODOLOGY P = T
Hydromeralurgical 

extraction
Acid leaching of the sludge contained in filter dust with HCl and  oxidizing agents - Ion Exchange (IX) with cation resins

Acid Leaching - Ion 

Exchange (IX)

Acid leaching is the process of extracting substances from a solid by dissolving them in a acid solution. Dust from the filter is dissolved in HCl with the addiction of a gas as an oxidant. This solution is suitable for 

selective separation from base metals using Ion Exchange technology.
NO N.A.

Aluminium is used as a de-oxidizer in order to remove the dissolved oxygen for steelmaking process. Traditional methods for metals recovery involve the use of Acid leaching 

and Precipitation processes. However, recent advances involve the use of Acid leaching and Solvent extraction or Ion Exchange technologies. Studies show that more focus is 

being given to the combination of Acid leaching and to solvent and solid phase extraction methods, in particular to ion exchange resin technology due to the ever-increasing 

sophistication for more selective resins, and the development of separation techniques using ion exchange resin. As for Solvent extraction methods, despite being a promising 

method for the recovery of metals from low concentration sources, there are some reports of practical drawbacks due to high cost of solvents and production costs. For this 

reason, Ion Exchange was the chosen technology. The main factors affecting the Ion Exchange process are acidity and chloride ion concentration of the aqueous chloride 

solution, "ageing" of the solution, and temperature of the contacting solution. This process conditions should be tested for optimal process operation. For this reason, no 

detailed information could be given for the economic analysis.

T Site/Ext. facility

Ion exchange resin has a total capacity and an operating 

capacity, which are dependent on the following factors: 

Type of resin and total number of functional sites per 

unit of volume; regenerant used; percent concentration 

of the regenerant; dosage (Lbs/CF); Empty Bed Contact 

Time (EBCT) or Total Regenerant Contact Time (TRCT); 

Ratio and affinity of ions in the feed stream to the resin

Can reach 70-90%

http://repositoriu

m.sdum.uminho.p

t/bitstream/1822/

5906/1/ASDuarte_

4%C2%BAWSWQ%

20Cracovia_2000.

pdf

YES Road; Railroad

The surface of aluminium and aluminium alloy products are relatively soft. 

Aluminium can be affected by humidity and atmospheric moisture and the 

surface of sheets and other aluminium products may become dulled in 

consequence. This dullness can be removed by polishing.

YES

BREF_NFM           

https://www.researchg

ate.net/publication/23

8117709_Aluminum_r

ecovery_from_water_cl

arifier_sludges_by_ion

_exchange

YES

BREF_NFM           

https://www.researchgate.

net/publication/2381177

09_Aluminum_recovery_fr

om_water_clarifier_sludge

s_by_ion_exchange

Aluminium is used as a dioxidizer in a basic oxygen 

furnace.
GO X N.A. YES BREF_NFM YES BREF_NFM NO BREF_NFM

HCL, oxidizing agents, 

Resins for IX

HIGH          Maintenance, 

the price of acids is high

The capital costs associated with the leaching operation 

are relatively low. The capital costs for the IX technology 

are high. These costs can be difficult to narrow down 

because of the many types of resins available on the 

market today. Resin costs vary depending on the 

manufacturer, type, quality, and spherical size. 

There is some companies 

that sell IX technology: 

Calgon Carbon; Rohm and 

Haas; Resinex; SAMCO, 

Purolite, Mitsubishi 

Chemical.

N.F. N.F.
The resin has to be substitute periodically, 

depends on the type of resin.
N.A. N.A. N.A. N.A.

58 ELECTROLYTE BLEED LIQUID ACID

S : NON FERROUS METALS INDUSTRIES

P : SECONDARY COPPER SMELTING 

PYROMETALLURGICAL ROUTE

S : ORGANIC CHEMICALS

P : PHENOL MANUFACTURING

The aim of this synergy is to 

separate then recover acid and 

nickel from electrolyte bleed, as a 

by-product of copper secondary 

smelting route, and provide 

phenol manufacturing.

MATERIAL EXCHANGE INDIRECT STRANE METHODOLOGY P = PT+T Acid Purification Unit 

INDUSTRIAL: The solution that results from the eletrorefining needs to pass through a Filter skid and then to a Difussion 

Dialysis technology to purify the hydrochloric acid.

LAB:  The solution that results from the eletrorefining needs to go to a Sub boiling distillation to purify the acid.

INDUSTRIAL scale: 

Diffusion Dialysis 

Technology           LAB 

scale : Sub Boiling 

Distillation

IND: An anion exchange membrane acts as a semi-permeable barrier between a flowing water stream and a following acid solution that contains the dissolved metals.   LAB: The acid is in a reservoir which is gently 

heated, it uses contactless infrared lamps to vaporize the surface liquid at a temperature typically 20ºC below the boiling point. The high purity acid vapor is produced, while metallic impurities in the feedstock remain 

in the liquid phase.

NO N.A. Note that two different approaches are presented. Industrial Scale (IND) solution and emerging lab scale (LAB) alternatives are described. T Site/Ext. facility
IND: 1135 to 11356 L/day      LAB scale: 38 mL/h - 85 

mL/h

IND:  Acid recovery is 80% to 90% (PURITY: with the 

removal of 70% to 90% of the dissolved metals)  LAB: 

high purity (10ppt) grade acid

Mech Chem 

http://www.mech-

chem.com/images/

stories/brochures/

PDF/Acid-

Recovery-Units-

Large%20Scale.pdf

YES
Plastic coated glass 

containers

Hydrochloric acid should never be transported besides plastic coated 

glass container, accurately labelled, and properly stored within the vehicle 

to prevent shifting, spillage, or breakage. Containers of hydrochloric acid 

carried in vehicles in warm climates should be placed in coolers to protect 

them from excessive heat.

YES

Mech chem: 

http://www.mech-

chem.com/images/stor

ies/brochures/PDF/Aci

d-Recovery-Units-

Large%20Scale.pdf   

Savillex: 

https://www.savillex.c

om/en/catalog/node/a

cid-purification

YES

Mech ch m 

http://www.mech-

chem.com/images/stories/

brochures/PDF/Acid-

Recovery-Units-

Large%20Scale.pdf 

N.A. GO X

IND : NO

LAB : YES

155 W

IND : Mech chem   

http://www.betacontrol.com/sites/default/files/uploads/file/H

Cl_literature/NEW/Economic%20and%20Chemical%20Compar

isons%20of%20Hydrochloric%20Acid%20Recovery%20Techn

ologies%20for%20Pickling%20Operations%20v3.pdf   LAB: 

Savillex 

https://www.savillex.com/?leadsource=GoogleAds&gclid=CjwK

CAjwy7vlBRACEiwAZvdx9hiez0Im3Lc2IzVHvRJodfUI_-

GuGkDIzU_Zf7vfDm5pQBfxOeJLpBoCVSoQAvD_BwE

IND : YES

LOW

LAB: YES

IND: 

http://www.betacontrol.com/sites/defau

lt/files/uploads/file/HCl_literature/NEW/

Economic%20and%20Chemical%20Com

parisons%20of%20Hydrochloric%20Aci

d%20Recovery%20Technologies%20for

%20Pickling%20Operations%20v3.pdf

IND : YES  HIGH    

LAB:  YES

IND: 

http://www.betacontrol.com/sites/default/files/uploads/file

/HCl_literature/NEW/Economic%20and%20Chemical%20Co

mparisons%20of%20Hydrochloric%20Acid%20Recovery%2

0Technologies%20for%20Pickling%20Operations%20v3.pd

f LAB: Savillex 

https://www.savillex.com/?leadsource=GoogleAds&gclid=Cj

wKCAjwy7vlBRACEiwAZvdx9hiez0Im3Lc2IzVHvRJodfUI_-

GuGkDIzU_Zf7vfDm5pQBfxOeJLpBoCVSoQAvD_BwE

N.A.
IND: 250000 US$/Y          

LAB: NA

http://library.sadjad.ac

.ir/opac/temp/18652.

pdf

IND: 440000 US$ (to recover shulfuric acid, the 

difference is in the type of membrane)     LAB : NA

http://library.sadjad.ac.ir/op

ac/temp/18652.pdf

IND : NA      LAB: Between 2 and 

6 months depends on the 

capacity LAB: SAVILLEX 

https://www.savillex.com/?leads

ource=GoogleAds&gclid=CjwKCA

jwy7vlBRACEiwAZvdx9hiez0Im3L

c2IzVHvRJodfUI_-

GuGkDIzU_Zf7vfDm5pQBfxOeJL

pBoCVSoQAvD_BwE

N.F.

IND : lifetime of membranes is about 5 years   

LAB : change the filter membranes every 40 hours 

of use    IND: 

http://www.betacontrol.com/sites/default/files/u

ploads/file/HCl_literature/NEW/Economic%20an

d%20Chemical%20Comparisons%20of%20Hydr

ochloric%20Acid%20Recovery%20Technologies

%20for%20Pickling%20Operations%20v3.pdf    

LAB: 

https://www.savillex.com/en/catalog/node/acid-

purification

IND:  Unlikely to be cost effective at any realistic scale of operation due it's low value   

LAB : easiest and the most cost effective way to produce high purity acid
N.A. N.A. N.A.

52 ELECTROLYTE BLEED LIQUID ACID

S : NON FERROUS METALS INDUSTRIES

P : PRIMARY COPPER SMELTING 

PYROMETALLURGICAL ROUTE

S : WASTE TREATMENTS 

INDUSTRIES

P : PHYSICO CHEMICAL 

TREATMENTS

The aim of this synergy is to 

separate then recover acid and 

nickel from electrolyte bleed, as a 

by-product of copper primary 

smelting route, and provide waste 

treatments industries for physico 

chemimcal treatment.

MATERIAL EXCHANGE INDIRECT
STRANE METHODOLOGY

BREF
P = PT+T Acid Purification Unit 

INDUSTRIAL: The solution that results from the eletrorefining needs to pass through a Filter skid and then to a Difussion 

Dialysis technology to purify the hydrochloric acid.

LAB:  The solution that results from the eletrorefining needs to go to a Sub boiling distillation to purify the acid.

INDUSTRIAL scale: 

Diffusion Dialysis 

Technology           LAB 

scale : Sub Boiling 

Distillation

IND: An anion exchange membrane acts as a semi-permeable barrier between a flowing water stream and a following acid solution that contains the dissolved metals.       LAB: The acid is in a reservoir which is gently 

heated, it uses contactless infrared lamps to vaporize the surface liquid at a temperature typically 20ºC below the boiling point. The high purity acid vapor is produced, while metallic impurities in the feedstock remain 

in the liquid phase.

NO N.A. Note that two different approaches are presented. Industrial Scale (IND) solution and emerging lab scale (LAB) alternatives are described. T Site/Ext. facility
IND: 1135 to 11356 L/day      LAB scale: 38 mL/h - 85 

mL/h

IND:  Acid recovery is 80% to 90% (PURITY: with the 

removal of 70% to 90% of the dissolved metals)  LAB: 

high purity (10ppt) grade acid

Mech Chem 

http://www.mech-

chem.com/images/

stories/brochures/

PDF/Acid-

Recovery-Units-

Large%20Scale.pdf

YES
Plastic coated glass 

containers

Hydrochloric acid should never be transported besides plastic coated 

glass container, accurately labelled, and properly stored within the vehicle 

to prevent shifting, spillage, or breakage. Containers of hydrochloric acid 

carried in vehicles in warm climates should be placed in coolers to protect 

them from excessive heat.

YES

Mech chem: 

http://www.mech-

chem.com/images/stor

ies/brochures/PDF/Aci

d-Recovery-Units-

Large%20Scale.pdf   

Savillex: 

https://www.savillex.c

om/en/catalog/node/a

cid-purification

YES

Mech chem 

http://www.mech-

chem.com/images/stories/

brochures/PDF/Acid-

Recovery-Units-

Large%20Scale.pdf 

N.A. GO X

IND : NO

LAB : YES

155 W

IND : Mech chem   

http://www.betacontrol.com/sites/default/files/uploads/file/H

Cl_literature/NEW/Economic%20and%20Chemical%20Compar

isons%20of%20Hydrochloric%20Acid%20Recovery%20Techn

ologies%20for%20Pickling%20Operations%20v3.pdf   LAB: 

Savillex 

https://www.savillex.com/?leadsource=GoogleAds&gclid=CjwK

CAjwy7vlBRACEiwAZvdx9hiez0Im3Lc2IzVHvRJodfUI_-

GuGkDIzU_Zf7vfDm5pQBfxOeJLpBoCVSoQAvD_BwE

IND : YES

LOW

LAB: YES

IND: 

http://www.betacontrol.com/sites/defau

lt/files/uploads/file/HCl_literature/NEW/

Economic%20and%20Chemical%20Com

parisons%20of%20Hydrochloric%20Aci

d%20Recovery%20Technologies%20for

%20Pickling%20Operations%20v3.pdf

IND : YES  HIGH    

LAB:  YES

IND: 

http://www.betacontrol.com/sites/default/files/uploads/file

/HCl_literature/NEW/Economic%20and%20Chemical%20Co

mparisons%20of%20Hydrochloric%20Acid%20Recovery%2

0Technologies%20for%20Pickling%20Operations%20v3.pd

f LAB: Savillex 

https://www.savillex.com/?leadsource=GoogleAds&gclid=Cj

wKCAjwy7vlBRACEiwAZvdx9hiez0Im3Lc2IzVHvRJodfUI_-

GuGkDIzU_Zf7vfDm5pQBfxOeJLpBoCVSoQAvD_BwE

N.A.
IND: 250000 US$/Y          

LAB: NA

http://library.sadjad.ac

.ir/opac/temp/18652.

pdf

IND: 440000 US$ (to recover shulfuric acid, the 

difference is in the type of membrane)     LAB : NA

http://library.sadjad.ac.ir/op

ac/temp/18652.pdf

IND : NA      LAB: Between 2 and 

6 months depends on the 

capacity LAB: SAVILLEX 

https://www.savillex.com/?leads

ource=GoogleAds&gclid=CjwKCA

jwy7vlBRACEiwAZvdx9hiez0Im3L

c2IzVHvRJodfUI_-

GuGkDIzU_Zf7vfDm5pQBfxOeJL

pBoCVSoQAvD_BwE

N.F.

IND : lifetime of membranes is about 5 years   

LAB : change the filter membranes every 40 hours 

of use    IND: 

http://www.betacontrol.com/sites/default/files/u

ploads/file/HCl_literature/NEW/Economic%20an

d%20Chemical%20Comparisons%20of%20Hydr

ochloric%20Acid%20Recovery%20Technologies

%20for%20Pickling%20Operations%20v3.pdf    

LAB: 

https://www.savillex.com/en/catalog/node/acid-

purification

IND:  Unlikely to be cost effective at any realistic scale of operation due it's low value   

LAB : easiest and the most cost effective way to produce high purity acid
N.A. N.A. N.A.

32 SALT SLAG SOLID ALUMINIUM OXIDES
S : NON FERROUS METALS INDUSTRIES

P : SALT SLAG

S : GLASS

P : STONE AND SLAG WOOL 

MANUFACTURING

The aim of this synergy is to 

recover aluminium oxides from 

non ferrous metals salt slag 

process and provide cement 

sector for clinker raw material 

preparation.

MATERIAL EXCHANGE INDIRECT
STRANE METHODOLOGY

BREF
P = PT+T

Full Recycling of Salt 

Slag

Salt Slag  is Crushed and Sieved to recover Aluminium granulate. Then Leaching - Thickener ( Treated gas / emmonium 

sulphate). Filter (washing and dryer - to recover aluminium oxides) - Centrifuge and  Dryer are applied before the  

Recycling Salt

Recover Aluminium 

Oxides
In the full recyling of salt slag the aluminium oxides are recovered by Filtration, followed by washing and drying of insoluble oxides. NO

Aluminium Oxides can be used directly to cement 

sector.
This process is already used in Salt Slag plants. Salt slag have to be recycled. P SITE

The yield of this procedure is diffciult to obtain, there are 

a lot of steps dependent from each other. Per each tone 

of salt slag result 0,46-0,68 t of aluminium oxides.

100% of the insoluble aluminium oxides BREF_NFM YES Road; Railroad

Before loading ensure container resp. compartment is clean and dry. 

Alumina is a very dusty cargo and should remain perfectly dry. Other cargo 

must also be protected against dust damage. Fine alumina penetrates 

everywhere and given the possibility of high loading temperature (65-

70°C). EPI must be used in all handling stages. Safety glasses, goggles, 

protective clothing is adviced.

YES BREF_NFM YES BREF_NFM

Aluminium oxides separation is already implemented 

and can be directly sent to final users. After salt slag 

processing and the recovery of the aluminium oxides, 

these could potentially be sent to the production of 

mineral wool.

GO X N.A. NO BREF_NFM

YES

1900 MJ to 3845 MJ 

per tonne of salt slag 

processed 

(FUEL+ELETRICITY)

BREF_NFM

YES      Close 

loop 

recirculation

BREF_NFM N.A. High cost ALTEK High cost ALTEK N.F.
Less than 2 

years
Long life Treatment costs are similar to disposal costs N.F. N.F.

All off-gases are treated in a bag filter 

and the separated dust is sent 

directly to the dissolvers

41 ASHES SOLID ASHES
S : WASTE INCINERATION

P : THERMAL TREATMENT H

S : NON FERROUS METALS 

INDUSTRIES

P : SECONDARY COPPER 

SMELTING 

PYROMETALLURGICAL ROUTE

The aim of this synergy is to 

recover waste incineration ashes 

to provide secondary copper 

smelting pyromatallurgical route.

MATERIAL EXCHANGE INDIRECT
STRANE METHODOLOGY

BREF
P = PT+T Ash processing

Comminution (grinding and crushing) to reduce particle size - Magnetic separation for ferrous metal removal - Eddy 

Current Separation to obtain non-ferrous metals
Eddy current Separator

Eddy current Separators allow the recovery of electrically conductive materials, such as non-ferrous metals. The magnets on the rotor surface generates an eddy current inside electrically conductive particles which 

specifically deflects each element particle.
NO N.A Litophile metals such as Fe, Cu and Al accumulate in the bottom ash. Focus will be given to common bottom ash processing P Site /ext. facility Variable depends on dimensioning

100% recovery with 45 % grade ; 100% grade with 60% 

recovery. Middle optimum point could be 85% grade 

with 80% recovery

https://www.umte

c.ch/fileadmin/use

r_upload/umtec.h

sr.ch/Dokumente/

News/1504_Metal

s_from_MWIBA__

R._Bunge.pdf

YES Road; Railroad Should be packed effectively closed tin cans or steel drums YES

https://www.umtec.ch

/fileadmin/user_uploa

d/umtec.hsr.ch/Doku

mente/News/1504_M

etals_from_MWIBA__R

._Bunge.pdf

YES BREF_WI
Processing of ash is current practice in this sender 

sector
GO X N.A. NO YES. 10 KWh/t

https://www.umtec.ch/fileadmin/user_u

pload/umtec.hsr.ch/Dokumente/News/1

504_Metals_from_MWIBA__R._Bunge.p

df

NO N.A.

OPEX = maintenance (8% 

of Capex) + Energy + labor 

(6*throughput) + 

overhead, chem. analysis) = 

15,2 € /t

R. Bunge 2015)
10 000* throughput^0,5 ; For 90 000, CAPEX = 3 000 

000 €

https://www.umtec.ch/filead

min/user_upload/umtec.hsr.

ch/Dokumente/News/1504_

Metals_from_MWIBA__R._B

unge.pdf

N.F. 6 years N.F.
Dry processing Plant with 90 000 t of annual throughput. Reference for all: Recovery of 

Metals From Waste Incinerator Bottom Ash (R. Bunge 2015)

CO2 emissions are derived 

from electricyt comsumption
N.F. Magnetic and inert fraction of ash

59 SLAG ASH SOLID

SLAG

OR 

NON FERROUS METALS

S : WASTE INCINERATION

P : THERMAL TREATMENT NH

S : NON FERROUS METALS 

INDUSTRIES

P : SECONDARY COPPER 

SMELTING 

PYROMETALLURGICAL ROUTE

The aim of this synergy is to 

separate then recover slag ash 

from waste incineration thermat 

treatment and provide secondary 

copper smelting pyrometallurgical 

production.

MATERIAL EXCHANGE INDIRECT STRANE METHODOLOGY P = PT+T Ash processing
Comminution (grinding and crushing) to reduce particle size - Magnetic separation for ferrous metal removal - Eddy 

Current Separation to obtain non-ferrous metals
Eddy current Separator

Eddy current Separators allow the recovery of electrically conductive materials, such as non-ferrous metals. The magnets on the rotor surface generates an eddy current inside electrically conductive particles which 

specifically deflects each element particle.
NO N.A Litophile metals such as Fe, Cu and Al accumulate in the bottom ash. Focus will be given to common bottom ash processing P Site /ext. facility Variable depends on dimensioning

100% recovery with 45 % grade ; 100% grade with 60% 

recovery. Middle optimum point could be 85% grade 

with 80% recovery

https://www.umte

c.ch/fileadmin/use

r_upload/umtec.h

sr.ch/Dokumente/

News/1504_Metal

s_from_MWIBA__

R._Bunge.pdf

YES Road; Railroad Should be packed effectively closed tin cans or steel drums YES

https://www.umtec.ch

/fileadmin/user_uploa

d/umtec.hsr.ch/Doku

mente/News/1504_M

etals_from_MWIBA__R

._Bunge.pdf

YES BREF_WI
Processing of ash is current practice in this sender 

sector
GO X N.A. NO Yes. 10 KWh/t

https://www.umtec.ch/fileadmin/user_u

pload/umtec.hsr.ch/Dokumente/News/1

504_Metals_from_MWIBA__R._Bunge.p

df

NO N.A.

OPEX = maintenance (8% 

of Capex) + Energy + labor 

(6*throughput) + 

overhead, chem. analysis) = 

15,2 € /t

R. Bunge 2015)
10 000* throughput^0,5 ; For 90 000, CAPEX = 3 000 

000 €

https://www.umtec.ch/filead

min/user_upload/umtec.hsr.

ch/Dokumente/News/1504_

Metals_from_MWIBA__R._B

unge.pdf

N.F. 6 years N.F.

The economic values presented are referred to a full Dry processing Plant with 90 000 t 

of annual throughput. Reference for all: Recovery of Metals From Waste Incinerator 

Bottom Ash (R. Bunge 2015)

CO2 emissions are derived 

from electricyt comsumption
N.F. Magnetic and inertfraction of ash

51

SEMI-WET 

SORPTION 

RESIDUES

SOLID LIME
S : WASTE INCINERATION

P : FLUE GAS TREATMENT NH

S : STEEL

P : SINTER PLANTS 

MANUFACTURING

The aim of this synergy is to 

recover lime from waste 

incieration flue gas treatment and 

provide sinter plants.

MATERIAL EXCHANGE INDIRECT STRANE METHODOLOGY P Salt recover Electro Static Precipitators for fly ash separation - Washing the FGC residues - Filtration for Ca(OH)2 isolation N.A. N.A. N.A. N.A.

Management of Air Pollution Control residues from waste incinerator processes involves difficult decicions and requires critical consideration of solutions prior to employment. 

The primary interest for flue gas treatment residues is centered around metals and salts. Semi-wet sorption residues contain fly ash combined with flue gas cleaning operation 

residues such as reacted and unreacted reagent chemicals (Lime and Calcium salts). The main focus here was to separate the fly ash fraction from the FGC residues and send 

them for further processing. Washing process could be used to solubilize the salts and a filtration could be used to isolate Calcium Hydroxide (Slaked Lime). It is technically 

possible to regenerate reacted FGC residues. However, from an economic standpoint, the processes and equipment involved in order to regenerate each salt does not make it 

feasible, due to substantial economical investments.

P Site/ext facility N.F. N:F. YES N.A. N.A.

Not available. Most common 

practices for flue-gas cleaning 

residues are treatment for landfilling 

or internal recycling.

https://www.sciencedi

rect.com/science/articl

e/pii/S0956053X0700

308X

Not available. Most common 

practices for flue-gas cleaning 

residues are treatment for landfilling 

or internal recycling.

https://www.sciencedirect

.com/science/article/pii/S0

956053X0700308X

BREF_WI

N.A.  NO GO X N.A. YES YES YES N.A.

ESP investment cots : 50 

000-500 000 EUR / 1 000 

Nm3/h

BREF_IS
ESP operational costs: 0,05 to 0,1 EUR /1000 Nm3 

treated off-gas for systems of >50 000 Nm3/h
BREF_IS N.F. N.F. N.F.

No  case studies were found on recovering of reacted calcium salts and unreacted lime. 

Unreacted lime is internally recycled
N.A. N.A. Fly ash (heavy metal content)

33 BOTTOM ASH SOLID FERROUS-METALS
S : WASTE INCINERATION

P : THERMAL TREATMENT H

S : STEEL

P : PELLETISATION PLANTS 

MANUFAACTURING

The aim of this synergy is to 

recover waste incineration 

bottom ash to provide 

pelletisation plants in steel sector.

MATERIAL EXCHANGE INDIRECT
STRANE METHODOLOGY

BREF
P=PT+T Ash processing

Comminution (grinding and crushing) to reduce particle size - Magnetic separation for ferrous metal removal - Eddy 

Current Separation to obtain non-ferrous metals
Magnetic separation

Magnetic separation allows the recovery of particles with magnetic properties. 3 fractions can be distinguished in Ash processing: Strongly magnetic particles (Fe), Weakly magnetic particles (Stainless steel and iron 

oxides), and nonmagnetic particles (glass, non-ferrous metals)
NO NA

Litophile metals such as Fe, Cu and Al accumulate in the bottom ash. Focus will be given to common bottom ash processing.     Although ferrous metal recovery is a mid-line 

operation in bottom ash processing plant, full plant operation is characterized just as Synergy 41 and 59
P site/ext. facility Variable depends on dimensioning

The amount of recovered metals depends on the 

composition of the waste input. For ferrous metals, a 

recovery rate of approximately 90% is possible

BREF_WI
YES. Coal combustion by-

products transportation

Trucks, railroad, and 

containers 

(Collapsible 

intermodal 

containers)

The cargo is non-combustible or has a low f ire-risk. The 

transportation of  coal combustion by -proocuts requires special 

attention to f ugitiv e dust emissions.

YES BREF_WI YES BREF_WI Highly implemented GO X N.A. NO YES 10 kWh/t NO N.A.

OPEX = maintenance (8% 

of Capex) + Energy + labor 

(6*throughput) + 

overhead, chem. analysis) = 

15,2 € /t

https://www.umtec.ch

/fileadmin/user_uploa

d/umtec.hsr.ch/Doku

mente/News/1504_M

etals_from_MWIBA__R

._Bunge.pdf

10 000* throughput^0,5 ; For 90 000, CAPEX = 3 000 

000 €

https://www.umtec.ch/filead

min/user_upload/umtec.hsr.

ch/Dokumente/News/1504_

Metals_from_MWIBA__R._B

unge.pdf

N.F. 6 years N.F.

The economic values presented are referred to a full Dry processing Plant with 90 000 t 

of annual throughput. Reference for all: Recovery of Metals From Waste Incinerator 

Bottom Ash (R. Bunge 2015)

CO2 emissions are derived 

from electricyt comsumption
N.F. non-magnetic  fraction of ash

42 SLUDGE SOLID

NON FERROUS METALS

&

ORGANIC MATERIALS

S : REFINING MINERAL OIL AND GAS

P : CRUDE ATMOSPHERIC DISTILLATION

S : NON FERROUS METALS 

INDUSTRIES

P : SECONDARY COPPER 

SMELTING 

PYROMETALLURGICAL ROUTE

The aim of this synergy is to 

recover sludges from crude 

atmospheric distillation in 

refining industries to provide 

secondary copper smelting 

pyromatallurgical route.

MATERIAL EXCHANGE INDIRECT STRANE METHODOLOGY P = T
Hydrometalurgical 

extraction

Ion exhange textile activation using diluted sulfuric acid, distilled water, and diethyl ether - Ion exchange extraction using 

acetone as solvent

Solvent extraction - Ion 

Exchange
N.A. N.A. N.A.

Current practices for oily sludges treatment have been developed for the purpose of recovery of Petroleum hydrocarbons, which have no or limited effects on the removal of 

heavy metals. The existence of heavy metals is one of the problems preventing oly sludge from being directly recycled as fuel because of fouling and corrosion of catalysts (Hu et 

al.,2013). Therefore, It is expected for new technologies to be developed and implemented for heavy metal recovery. In general, these efforts are currently at the laboratory to 

small pilot plant stages, and no dates have been set for commerciallization according to ali 2006. Elektorowicz and Muslat combined solvent extraction with ion exchange textile 

process to remove hevy metals in oily sludge. The proposed technology is based on this paper which describes a lab scale procedure to recover vanadium, cadmium, copper, 

nickel, zinc, and iron from oil sludge.

T
pref site for further 

residue utilization
N.F.

Vanadium: 100% Cadmium: 99%   Zinc: 96%         Nickel: 

94%          Iron: 92%        Copper: 89%
YES Road; Railroad

The transportation requirements are associated to Each specific material 

characteristics.
Not commercialy available

https://www.sciencedi

rect.com/science/articl

e/pii/S030438941300

5487

Tests were carried out in lab scale 

with promising results. No 

references concerning industrial 

scale utilization were found.

N.A.  NO GO X N.A. NO YES YES

Suluric acid, distilled 

water, diethyl ether, 

Solvent ( better results 

were obtained using 

Acetone)

N.F. N.F. N.F. N.F. N.F. Technology tested at a lab scale. No economical analysis was found
CO2 emissions are derived 

from electricyt comsumption
N.F. N.F.

85
VISBREAKING 

WASTE WATER 
LIQUID OIL

S : REFINING_MINERAL_OIL_AND_GAS

P : VISBREAKING_PROCECSS

S : 

NON_FERROUS_METALS_INDUS

TRIES

P : WAELZ_KILN_OPERATION

The aim of this synergy is to 

recover oil from visbreaking 

operation waste water and 

provide waelz kiln opearation in 

zinc and cadium industries.

COMBUSTIBLE INDIRECT

STRANE METHODOLOGY

BREF

BEST PRACTICES

P = PT+T

Primary treatment of 

petroleum refining 

wastewater (Oil 

Separation)

Wastewater is sent to API Unit to separate and extract insoluble hydrocarbons. Further separation includes the use of 

Dissolved Gas flotation Units. Reagents include the use of acids or alkali for pH correction, and FeSO4 or FeCl3 for 

coagulant requirements or a polyelectrolyte for flocculation processes.

Dissolved Gas 

Flotation (DGF)

Gas flotation is a process used to separate dispersed solids and immiscible liquids from a continuous liquid phase. Separation is facilitated by finely dispersed bubbles that result from adding a gas phase to the 

system
NO NA N.A. T Site

Depends on dimensioning. Typical Design flow rates 

range is 50-800 m^3/h according to BREF_REF

50 - 100 mg/l of input to DGF Unit. Output is 10 - 20 

mg/l of Oil. 80% Removal efficiency
BREF_REF

YES

Transport of liquid oil

Road; Railroad; 

Pipeline
If transported by road or railroad bulk or drums is possible YES BREF_REF Yes BREF_REF

Processing of wastewaters containing oil is already a 

standard technology in this sender process. 

Recovered oil can be directly sent to final users

GO X N.A. NO

YES

Compression and 

pump systems. Energy 

requirements are 

relatively low

BREF_REF NO

Acids or Bases (pH 

correction); Coagulants 

(FeSO4 or FeCl3); 

Flocculants (PAC)

BREF_REF 1 500 000 BREF_REF 182 000 BREF_REF N.A. N.F. N.F. 2010 Values for a Design flow rate of 250 m3//h
CO2 emissions are derived 

from electricyt comsumption
N.F. N.F.

53

WATER 

ELECTROPORCELAIN 

AFTER 

FLOCCULATION

SOLID- METAL 

PARTICLES IN 

WATER

Ni

COBALT

ALUMINIUM

ZINC

S : REFINING MINERAL OIL AND GAS

P : VACUUM DISTILLATION

S : FERTILISERS

P : NPK FERTILISER 

PRODUCTION

The aim of this synergy is to 

recover non-ferrous metals from 

electroporcelain manufacturing 

waste water to provide nickel, 

cobalt and alloys production in 

non-ferrous metals industries.

MATERIAL EXCHANGE INDIRECT STRANE METHODOLOGY P =T
Non-ferrous metals 

extraction

The waste water is filtered to collect the flocculous. Zinc is in the sludge/filter cake. To recover Zinc is necessary to do an 

acid leaching with H2SO4, then an electrowinning.
Electrowinning (EW)

Acid leaching is the process of extracting substances from a solid by dissolving them in a acid solution. The electrowinning of a certain metal is an electrolytic process that uses electricity to recover dissolved metal 

from solutions as metal plate, also known as ‘cathode’. NO N.A.

Acid leaching was found to be very dependent on certain variables: - Type of Acid used; - Acid Concentration; Temperature; - Mixing (stirring); - Solid:solution ratio; - Operation 

Time. The final metal recovery from the solution is possible using electrowinning processes. In this case, to recover Nickel, Cobalt, Aluminium and Zinc this procedure can be 

applied. But in EW each metal has specific caracteristics, so the cathode depend on the compatibility of metals.

T Site /ext. facility N.F.
The leach efficiency is > 95%. The cathode quality is 

>99,995% (special high grade).

https://www.resea

rchgate.net/public

ation/240517614

_Zinc_solvent_extr

action_in_the_pro

cess_industries

YES Road; Railroad
The transportation requirements are associated to each specific material 

characteristics.
YES BREF_CWW YES BREF_CWW

Although no studies were found concerning this 

specific water residue, the recovery of each element is 

technically possible using the proposed technology

GO X N.A. YES YES NO Acid solvent
HIGH          Maintenance. 

The price of acids is high.

The capital costs associated with the leaching operation 

are relatively low. The capital costs for the EW circuits 

are high with very little economy of scale available

N.A. N.F. N.F. N.A. N.F. N.F. N.F.

88

CRUDE 

ATMOSPHERIC 

DISTILLATION 

WASTE WATER 

LIQUID OIL
S : REFINING_MINERAL_OIL_AND_GAS

P : CRUDE_ATMOSPHERIC_DISTILLATION

S : INORGANIC_CHEMICALS

P : FURNACE_BLACK_PROCESS

The aim of this synergy is to 

recover oil from crude 

atmospheric distillation waste 

water and provide furnace black 

process in inorganic chemicals.

COMBUSTIBLE INDIRECT

STRANE METHODOLOGY

BREF

BEST PRACTICES

P = T Solvent extraction
Synergy 85 already described the procedure associated with oil separation and recovery. For phenol recovery the 

processes associated involve the use of Liquid-liquid extraction processes.
Phenosolvan process

The Phenosolvan process employs a liquid-liquid extraction process where the incoming gas liquor is filtered through a gravel bed and then contacted with the solvent butyl acetate. This process is usually performed 

in counter current extraction with the possibility of solvent recovery.
NO N.A. Due to the variability of the process and reagents involved, no specific costs were found for phenol recovery. T site/ext facility N.F. up to 99% phenol recovery

BREF_CWW

 

https://kochmodu

lar.com/our-

work/project-

experience/phenol-

recovery/

YES Road; Railroad
Phenol is transported in liquid state. Requested to keep at 55ºC to 58ºC 

during transport
YES BREF_CWW YES BREF_CWW N.A. GO X N.A. YES YES N.F.

Highly variable. Only 

obtainable through 

contact with manufacturer. 

Eg: Kochmodular

https://kochmodular.c

om/

Highly variable. Only obtainable through contact with 

manufacturer.
https://kochmodular.com/ N.F. N.F. N.F.

Due to the variability of the process and reagents involved, no specific costs were found 

for phenol recovery. Solvent regeneration could be vert complciated and cost-intensive
N.F. N.F. N.F.

81

 CRUDE 

ATMOSPHERIC 

DISTILLATION 

WASTE WATER

LIQUID OIL
S : REFINING_MINERAL_OIL_AND_GAS

P : CRUDE_ATMOSPHERIC_DISTILLATION

S : STEEL

P : 

BLAST_FURNACES_MANUFACTU

RING

The aim of this synergy is to 

recover oil from crude 

atmospheric distillation waste 

water and provide blast furnaces 

in steel industries.

COMBUSTIBLE INDIRECT
STRANE METHODOLOGY

BREF
P = T Solvent extraction

Synergy 85 already described the procedure associated with oil separation and recovery. For phenol recovery the 

processes associated involve the use of Liquid-liquid extraction processes.
Phenosolvan process

The Phenosolvan process employs a liquid-liquid extraction process where the incoming gas liquor is filtered through a gravel bed and then contacted with the solvent butyl acetate. This process is usually performed 

in counter current extraction with the possibility of solvent recovery.
NO N.A. Due to the variability of the process and reagents involved, no specific costs were found for phenol recovery. T site/ext facility N.F. up to 99% phenol recovery

BREF_CWW

https://kochmodu

lar.com/our-

work/project-

experience/phenol-

recovery/

YES Road; Railroad
Phenol is transported in liquid state. Requested to keep at 55ºC to 58ºC 

during transport
YES BREF_CWW YES BREF_CWW N.A. GO X N.A. YES YES N.F.

Highly variable. Only 

obtainable through 

contact with manufacturer. 

Eg: Kochmodular

https://kochmodular.c

om/

Highly variable. Only obtainable through contact with 

manufacturer.
https://kochmodular.com/ N.F. N.F. N.F.

Due to the variability of the process and reagents involved, no specific costs were found 

for phenol recovery. Solvent regeneration could be vert complciated and cost-intensive
N.F. N.F. N.F.

54

VACUUM 

DISTILLATION 

WASTE WATER 

LIQUID NH3
S : REFINING MINERAL OIL AND GAS

P : VACUUM DISTILLATION

S : FERTILISERS

P : NPK FERTILISER 

PRODUCTION

The aim of this synergy is to 

recover amonia from vacuum 

distillation in refining industries 

to provide NPK fertilisers 

production.

MATERIAL EXCHANGE INDIRECT STRANE METHODOLOGY P = T Sour water stripping Ammonia rich waste water feed to air stripping technology - absorption  - crystallization to produce ammonia sulphate Ammonia stripping
Ammonia is contacted with air to strip the ammonia gas present in the wastewater. Ammonia (a weak base) reacts with water (a weak acid) to form ammonium hydroxide. Lime or caustic is added to the wastewater 

until the pH reaches 10.8 to 11.5 which converts ammonium hydroxide ions to ammonia gas. 
NO N.A.

Ammonia content in the wastewater must be between 10 to 100 mg/L. For values over 100 mg/L ammonia content it may be more economical to use alternate ammonia removal 

techniques, such as steam stripping. https://www3.epa.gov/npdes/pubs/ammonia_stripping.pdf
P Site N.F.

Ammonia stripping performance is highly dependent on 

air temperature and air/water ratios. Efficiency 

decreases significantly as air temperature decreases: At 

20C, there is a 90 to 95% ammonia removal efficiency, 

while at 10C, efficiency decreases to 75 percent.

https://www3.epa.

gov/npdes/pubs/a

mmonia_stripping.

pdf

YES Road; Railroad
Ammonium Sulphate is a crystalline solid usually packed in bags. Product 

to be kept as dry as practicable
YES BREF_CWW YES

https://www3.epa.gov/np

des/pubs/ammonia_strip

ping.pdf

Well developed technology and under operation in 

many plants
GO X N.A. NO

Yes                     High for 

pumping

https://www3.epa.gov/npdes/pubs/amm

onia_stripping.pdf
NO

NaOH or Lime for pH 

adjustment. H2SO4 for 

absorption

https://www3.epa.g

ov/npdes/pubs/am

monia_stripping.pdf

High operation and 

maintenance cost due to 

formation of calcium 

carbonate scale

https://www.researchg

ate.net/publication/32

6280860_Recent_Dev

elopment_in_Ammoni

a_Stripping_Process_f

or_Industrial_Wastewa

ter_Treatment

Capital costs highly dependent on process design and 

operation conditions. For detailed information see 

reference

https://www.academia.edu/

21550434/High_temperatur

e_ammonia_stripping_and_r

ecovery_from_process_liqui

d_wastes

N.F. N.F. N.F.

The cost of ammonia stripping depends on the manufacturer, the site, the capacity of 

the plant, the ammonia concentration of the wastewater, the flow rate desired, the types 

of blowers, and the water temperature (water temperature affects design which affects 

price). Price comparisons are possible with a specific set of design criteria. Operation 

and maintenance include power, materials, chemical, and labor. 

https://www3.epa.gov/npdes/pubs/ammonia_stripping.pdf

CO2 emissions are derived 

from electricyt comsumption
N.F. N.F.

55
GAS SEPARATION 

WASTE WATER
LIQUID NH3

S : REFINING MINERAL OIL AND GAS

P : GAS SEPARATION PROCESSES

S : FERTILISERS

P : UREA PRODUCTION

The aim of this synergy is to 

recover amonia from vacuum 

distillation in refining industries 

to provide NPK fertilisers 

production.

MATERIAL EXCHANGE INDIRECT STRANE METHODOLOGY P = T Sour water stripping Ammonia rich waste water feed to air stripping technology - absorption  - crystallization to produce ammonia sulphate Ammonia stripping
Ammonia is contacted with air to strip the ammonia gas present in the wastewater. Ammonia (a weak base) reacts with water (a weak acid) to form ammonium hydroxide. Lime or caustic is added to the wastewater 

until the pH reaches 10.8 to 11.5 which converts ammonium hydroxide ions to ammonia gas. 
NO N.A.

Ammonia content in the wastewater must be between 10 to 100 mg/L. For values over 100 mg/L ammonia content it may be more economical to use alternate ammonia removal 

techniques, such as steam stripping. https://www3.epa.gov/npdes/pubs/ammonia_stripping.pdf
P Site N.F.

Ammonia stripping performance is highly dependent on 

air temperature and air/water ratios. Efficiency 

decreases significantly as air temperature decreases: At 

20C, there is a 90 to 95% ammonia removal efficiency, 

while at 10C, efficiency decreases to 75 percent.

https://www3.epa.

gov/npdes/pubs/a

mmonia_stripping.

pdf

YES Road; Railroad
Ammonium Sulphate is a crystalline solid usually packed in bags. Product 

to be kept as dry as practicable
YES BREF_CWW YES

https://www3.epa.gov/np

des/pubs/ammonia_strip

ping.pdf

Well developed technology and under operation in 

many plants
GO X N.A. NO

Yes                     High for 

pumping

https://www3.epa.gov/npdes/pubs/amm

onia_stripping.pdf
NO

NaOH or Lime for pH 

adjustment. H2SO4 for 

absorption

https://www3.epa.g

ov/npdes/pubs/am

monia_stripping.pdf

High operation and 

maintenance cost due to 

formation of calcium 

carbonate scale

https://www.researchg

ate.net/publication/32

6280860_Recent_Dev

elopment_in_Ammoni

a_Stripping_Process_f

or_Industrial_Wastewa

ter_Treatment

Capital costs highly dependent on process design and 

operation conditions. For detailed information see 

reference

https://www.academia.edu/

21550434/High_temperatur

e_ammonia_stripping_and_r

ecovery_from_process_liqui

d_wastes

N.F. N.F. N.F.

The cost of ammonia stripping depends on the manufacturer, the site, the capacity of 

the plant, the ammonia concentration of the wastewater, the flow rate desired, the types 

of blowers, and the water temperature (water temperature affects design which affects 

price). Price comparisons are possible with a specific set of design criteria. Operation 

and maintenance include power, materials, chemical, and labor. 

https://www3.epa.gov/npdes/pubs/ammonia_stripping.pdf

CO2 emissions are derived 

from electricyt comsumption
N.F. N.F.

45 SLUDGE SOLID

NON FERROUS METALS

&

CHROMIUM

S : INORGANIC CHEMICALS

P : SODIUM CHLORATE PRODUCTION

S : NON FERROUS METALS 

INDUSTRIES

P : LEAD AND TIN PRODUCTION

The aim of this synergy is to 

recover sludges from sodium 

chlorate process and provide and 

lead and tin production.

MATERIAL EXCHANGE INDIRECT STRANE METHODOLOGY P
Mother liquor 

treatment

The approach used for this synergy shifted the focus from the proposed sludge waste to the crystallization mother 

liquor of sodium chlorate production. The treatment of the crystallization mother liquor involves the combination of 

nanofiltration and freezing crystallization. Its treatment allowed to recover the chromium content of the residue and its 

internal recycle for the electrolysis step of sodium chlorate production. The process sludges formed by the 

implementation of this sodium chlorate process modification are potentially compliant with the chromium safety 

discharge standards. Non-ferrous metals industries could directly use these sludges for its lead content. See 

Complementary Information

Nanofiltration+ 

freezing crystalization

The main anions presented in the crystallization mother liquor are chloride, sulfate and dichromate. Necessary equipment mainly comprises of raw material tank, pump, pressure gauge, nanofiltration device and 

freezing crystallization device. The NaCL fraction of the mother liquor is permeated through the membrane and can be returned directly to the brine refining step of the sodium chlorate production process. The 

retentate is mainly composed of sodium sulfate and sodium dichromate which is further separated by freezing crystallization. Sodium sulfate is precipitated and the supernatant (sodium dichromate) is returned to 

the sodium chlorate electrolysis step. This process was able to recycle sodium sulfate and sodium dichromate to the electrolytic system

N.A. N.A.

Process sludges containing chromium and/or lead from sodium chlorate production are usually incinerated or landfilled. Recovery of chromium as sodium dichromate is 

possible for internal re use in the electrolysis process. For sodium chlorate sludge processing the focus was shifted to treat the crystallization mother liquor instead of the 

sludge in order to achieve the recycling utilization of sodium dichromate and thus reducing costs, watewater and sludge chromium levels to safe discharge standards, and 

overall greater process efficiency. The treatment of the crystallization mother liquor involves the combination of nanofiltration and freezing crystallization. The nanofiltration 

process benefits from easy operation, high reliability and relatively low energy comsumption according to Zhou et al., 2014. Process was able to not only recover sodium 

dichromate but also remove sulfate radicals from mother liquor. 

P Site N.F.
Sodium dichromate content in sludge was reduced to 

less than 8.5 ppm.

https://pdfs.sema

nticscholar.org/c2

4e/3dbc08e06cff

dcad9b5d8d81c6

1b1f2baf64.pdf

YES
Pipework,  road 

haulage (tankers)
Transport concerns the transportation of chromium-free process sludges

NO

Not commercialy available

https://pdfs.semantics

cholar.org/c24e/3dbc

08e06cffdcad9b5d8d

81c61b1f2baf64.pdf

NO

Tests were carried out in lab scale 

with promising results. No 

references concerning industrial 

scale utilization were found.

N.A.  NO GO X N.A. NO YES YES N.A. N.A. N.A. N.A. N.A. N.A. Technology tested at a lab scale. No economical analysis was found
CO2 emissions are derived 

from electricyt comsumption
N.F.

NaCl can be directly reused in the 

brine stage. Sodium sulfate

18 EMISSIONS GAS HYDROGEN
S : INORGANIC CHEMICALS

P : SODIUM CHLORATE PRODUCTION

S : REFINING MINERAL OIL AND 

GAS

P : HYDROCRACKING PROCESS

The aim of this synergy is to 

recover hydrogen from sodium 

chlorate production in inorganic 

chemicals industries and provide 

hydrocraking processes in 

refining industries.

MATERIAL EXCHANGE INDIRECT

STRANE METHODOLOGY

BREF

BEST PRACTICES

P
Electrolosys  and 

Purification

Hydrogen is produced by Electrolysis, that is one of the steps of sodium chlorate production. The formation of 

hydrogen takes place at the cathode. The hydrogen gas is separated from the liquid phase and contained impurities like 

chlorine and oxygen. Chlorine is removed from hydrogen in scrubbers  with sodium hydroxide or reducing agents. 

Oxigen is removed from hydrogen using a catalytic reactor. Then the hydrogen can be used in hydrocracking process.

N.A. N.A. NO N.A. Separated hydrogen can be used directly on hydrocraking process P Site 60kg H2/1000 kg sodium chlorate 53% - 85% BREF_LVIC-S YES
Road; Railroad; 

Pipeline

Pipeline transportation is adviced in near facilities; Gaseous hydrogencan 

be transported in small to medium quantities in compressed gas 

containers. Liquid hydrogen can be transported in liquid hydrogen trailers. 

Over longer distance it is usually more cost-effective to transport 

hydrogen in liquid form since a liquid hydrogen can hold substantially 

more hydrogen than a pressurized gas tank.Gas containers could be used 

by train or truck mobility. 

YES BREF_LVIC-S YES BREF_LVIC-S

Technic used in EU. Continuos process is energy 

intensive but offers possibility for the utilisation of 

secondary heat.

GO X N.A. NO BREF_LVIC-S

YES

High

4700-5200 AC Kwh/t 

sodium chlorate

BREF_LVIC-S NO BREF_LVIC-S N.A. N.A.
The investment in a Scrubber and a Catalytic reactor. 

Some companies aready have it to treat the off-gases.
N.F. N.F. N.F. N.A. N.F. N.F. N.F.

70 ACID GAS HCl
S : INORGANIC_CHEMICALS

P : UNDEFINED

S : COMBUSTION_PLANT

P : 

INTEGRATED_GASIFICATION_CO

MBINED_CYCLE

The aim of this synergy is to 

recover HCl from basic chemical 

industries and provide power 

plants.

MATERIAL EXCHANGE INDIRECT BEST PRACTICES P = T HCL RECOVERY The exhaust gas enter in a scrubber with water to remove the HCl from waste gas. WET SCRUBBERS

A wet scrubber is a device that uses a liquid, typically water or a water-based solution, to capture the acidic gas by absorbing it from the carrier gas stream. The scrubber is a vertical tower in which the scrubbing liquid 

flows downward countercurrent to the upward gas flow over a bed of packing pieces that function primarly to provide a surface area on which the two streams come into contact. The absorption process is then 

carried out at lower temperatures. The lower the temperature, the higher the maximum achievable concentration of HCl in water.

NO N.A. To neutralize the HCl, it is very common to use an aqueous sodium hydroxide (NaOH) solution as the scrubbing fluid. The exhaust gas contains 2 mg HCl/Nm3. T Site /ext. facility
Depends on the scale of the column. Can operate 

between 50 - 500000 Nm3/h of exhaust gas.

A counter current packed tower achieve HCl removal 

efficiencies up to 99,9%. The typical collection 

efficiency range is from 70% to greater than 99%.

https://www.s-

k.com/technical-

references/wet_scr

ubbers.pdf

YES
Plastic coated glass 

containers

Hydrochloric acid should never be transported in other than a plastic 

coated glass container, accurately labelled, and properly stored within the 

vehicle to prevent shifting, spillage, or breakage. Containers of 

hydrochloric acid carried in vehicles in warm climates should be placed in 

coolers to protect them from excessive heat.

YES

https://www.monroee

nvironmental.com/por

tfolio-items/wet-

scrubber-treats-hcl-

cl2-from-rto/

YES

https://www.monroeenvir

onmental.com/portfolio-

items/wet-scrubber-treats-

hcl-cl2-from-rto/

N.A. GO X N.A. NO YES
https://www.s-k.com/technical-

references/wet_scrubbers.pdf
YES

https://www.s-k.com/technical-

references/wet_scrubbers.pdf

Sodium Hydroxide 

(NaOH)

https://www.s-

k.com/technical-

references/wet_scru

bbers.pdf

N.F.

https://www.researchg

ate.net/publication/25

4293859_Capital_and

_Operating_Costs_of_

Wet_Scrubbers

Scrubber base capital cost $8 million; scrubber base 

upgrade capital cost $4 million. For the removal of HCl 

from flue gases from a chemicals company, with a flue 

gas flow rate up to 3 000 Nm³/h, the investment costs 

for a neutral washer (water) and a ventilator, amount to 

62 500 EUR.

https://www.cibo.org/wp-

content/uploads/2014/04/c

ostchart_coal.pdf

N.F. N.F. Long life There is some companies that sell Wet Scrubbers: Forbes, Bete gas scrubbers, APZEM, N.F. N.F. N.F.
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WATER 

ELECTROPORCELAIN 

AFTER 

FLOCCULATION

SOLID- METAL 

PARTICLES IN 

WATER

Zn
S : CERAMIC

P : ELECTROPORCELAIN MANUFACTURING

S : NON FERROUS METALS 

INDUSTRIES

P : LEAD AND TIN PRODUCTION

The aim of this synergy is to 

recover non-ferrous metals from 

electroporcelain manufacturing 

waste water to provide nickel, 

cobalt, aluminium, zinc and alloys 

production in non-ferrous metals 

industries.

MATERIAL EXCHANGE INDIRECT STRANE METHODOLOGY P = T
Hydrometallurgical 

extraction

The waste water is filtered to collect the flocculous. Zinc is in the sludge/filter cake. To recover Zinc is necessary to do an 

acid leaching with H2SO4, then a solvent extraction wit D2EHPA and an electrowinning.

Solvent Extraction - 

Electrowinning (SX-EW)

Acid leaching is the process of extracting substances from a solid by dissolving them in a acid solution. The SX step involves contacting the pregnant aqueous solution with an organic phase containing an extractant 

chemical that reacts with the zinc ions. Zinc is selectively removed into the organic phase leaving behind other unwanted dissolved impurities in the aqueous phase.The electrowinning of zinc is an electrolytic process 

that uses electricity to recover dissolved zinc from solution as zinc plate, also known as ‘cathode’.
NO The purity level is high

According to BREF_CER, the concentration of zinc in process waste water from an electric insulator manufacturer after flocculation without filtration is 0,3 mg/l. Zinc is in the 

filter cake, but there is no information about the concentration of that sludge after filtration. The procedure that was described is adequated to recover non-ferrous 

metals(zinc), but there is no information available to apply it in this specific case. However, if the zinc concentration is an apropriate quantities for an economic extraction, the 

implementation of this technology might be rewarding.

T Site /ext. facility N.F.
The leach efficiency is > 95%. The SX recovery is >99%. 

The cathode quality is >99,995% (special high grade).

https://www.resea

rchgate.net/public

ation/240517614

_Zinc_solvent_extr

action_in_the_pro

cess_industries

YES Road; Railroad

Bundles of cathode sheets of between 1 and 4 tonnes are held together by 

steel strapping and shipped unpackaged. Care should be exercised during 

handling to avoid straps breaking which cause the bundles to become 

unstable with potential separation and loss of some sheets

YES

https://www.researchg

ate.net/publication/24

0517614_Zinc_solven

t_extraction_in_the_pr

ocess_industries

YES

https://www.researchgate.

net/publication/2405176

14_Zinc_solvent_extractio

n_in_the_process_industr

ies

The technology is already implemented in industry GO X N.A. YES YES NO
Acid solvent - H2SO4. 

Organic solvent - D2EHPA. 

HIGH

Maintenance.

The price of acids is high.

The capital costs associated with the leaching operation 

are relatively low. The capital costs for the SX and EW 

circuits are high with very little economy of scale 

available

N.F. N.F. N.F. N.A. N.F. N.F. N.F.

75 EMISSIONS
SOLID - PART OF 

EMISSIONS
Sb

S : LIME

P : LIME MANUFACTURING MIXED FEED SHAFT KILN

S : 

NON_FERROUS_METALS_INDUS

TRIES

P : 

SECONDARY_COPPER_SMELTIN

G_PYROMETALLURGICAL_ROUT

E

The aim of this synergy is to 

recover Sb precious metals from 

lime mixed feed shaft kiln and 

provide non-ferrous metals 

industries.

MATERIAL EXCHANGE INDIRECT STRANE METHODOLOGY P = T
Hydrometallurgical 

extraction

Acid leaching with HCl and an oxidizing agent to the sludge that is contain in bag filters - Ion Exchange (IX) with a 

Chelating resin

Acid Leaching - Ion 

Exchange (IX)

Acid leaching is the process of extracting substances from a solid by dissolving them in a acid solution.The sludge from the bag filter is dissolved in HCL with the addiction of an oxidant. This solution is suitable for 

selective separation from base metals using Ion Exchange technology with a chelating resin.
NO High level of purity 

The concentration of Antimony is between 0,01 - 0,04 mg/Nm3 of emissions from typical lime kilns in Europe. Traditional methods for metals recovery involve the use of Acid 

leaching and Precipitation processes. However, recent advances involve the use of Acid leaching and Solvent extraction or Ion Exchange technologies. Studies show that more 

focus is being given to the combination of Acid leaching and to solvent and solid phase extraction methods, in particular to ion exchange resin technology due to the ever-

increasing sophistication for more selective resins, and the development of separation techniques using ion exchange resin. As for Solvent extraction methods, despite being a 

promising method for the recovery of metals from low concentration sources, there are some reports of practical drawbacks due to high cost of solvents and production costs. 

For this reason, Ion Exchange was the chosen technology. The main factors affecting the Ion Exchange process are acidity and chloride ion concentration of the aqueous 

chloride solution, "ageing" of the solution, and temperature of the contacting solution. This process conditions should be tested for optimal process operation. For this reason, 

no detailed information could be given for the economic analysis.

P Site/Ext. facility

Ion exchange resin has a total capacity and an operating 

capacity, which are dependent on the following factors: 

Type of resin and total number of functional sites per 

unit of volume; Regenerant used; Percent concentration 

of the regenerant; Dosage (Lbs/CF); Empty Bed Contact 

Time (EBCT) or Total Regenerant Contact Time (TRCT); 

Ratio and affinity of ions in the feed stream to the resin

N.F. YES Road; Railroad

Solid metal is a stable antimony form therefore does not require any 

specific transport measures. However, special care should be given to 

handling and storage: keep container tightly sealed. Store in cool, dry place 

in tightly closed containers. Ensure good ventilation at the work place. 

Keep ignition sources away from finely divided powders. Avoid storage 

near acids, bases or reducing agents. Do not store together with oxidizing 

materials.

YES

https://www.tandfonli

ne.com/doi/abs/10.10

80/08827508.2013.7

64875

YES

https://patentimages.stor

age.googleapis.com/f9/59

/00/7b33633323da03/U

S5366715.pdf

https://link.springer.com/content/pdf/10.1007/978-

3-642-36199-9_206-1.pdf
GO X N.A. YES BREF_NFM YES        BREF_NFM NO BREF_NFM

HCL, oxidizing agents, 

Resins for IX

HIGH

Maintenance.

The price of acids is high.

The capital costs associated with the leaching operation 

are relatively low. The capital costs for the IX technology 

are high. These costs can be difficult to narrow down 

because of the many types of resins available on the 

market today. Resin costs vary depending on the 

manufacturer, type, quality, and spherical size. 

There is some companies 

that sell IX technology: 

Calgon Carbon; Rohm and 

Haas; Resinex; SAMCO, 

Purolite, Mitsubishi 

Chemical.

N.F. N.F.
The resin has to be substitute periodically, 

depends on the type of resin.
N.A. N.F. N.F. N.F.

61
WASTE PLASTICS 

(AMP)
SOLID  WASTE PLASTICS (AMP)

S : ENGINEERING

P : PLASTIC PART MANUFACTURING

S : ENGINEERING

P : BLAST MEDIA PRODUCTION 

The aim of this synergy is to send 

waste plastics (AMP) from 

automotive industries to plastic 

manufacturers.

MATERIAL EXCHANGE INDIRECT BEST PRACTICES P = PT+T

Mechanical 

transformation of AMP 

plastics (duroplasts)

Desassembly and Sorting (based on shape, density,size, colour or chemical composition); Course Shredding (First size 

reduction); Bailing (If not processed at origin, plastic should be baled for transport purposes);Granulator/Pulverizer 

(size reduction to blasting media); Sieving Size Separation (By  size particles according to final requirements). Steps may 

occur in a different order, multiple times or not at all, depending on the origins and composition of the waste

Granulator/Pulverizer
The material to be pulverized is centrically fed into the grinder via a dosing unit. Feeding is overload controlled. Particles are reduced to homogenous size between 100 to 2000 μm depending on blasting aplication.

NO

Screening machnine is the selected technology 

allowing the oversized material to refed into the 

pulverizer

The reference technology selected was  pulverizer PU series from Herbold MECKESHIN supplier. T
Ext. facility/              

Receiver

20 - 3500 Kg/h (depending on the model selected  

PU180 - PU1250)

Using High-quality input recycled material and 

screening module 

recovery around  98-100% is expected

Herbold 

pulverizers PU 

series

YES Road; Railroad

In case of baled material higher loads can be transported. No special safety 

issues are associated to this material transportation besides reservois 

enclosure.

YES CHEMIK 2013, YES CHEMIK 2013

The use of plastic media blasting is stronghly 

implemented in the aeronautic and automotive 

industry. Even do there is no direct  reference on BREF 

documents to the transformation of recycling plastic 

media process

GO X

Raw material cannot include adittives and inorganic fillers. 

Traces of chlorine are admissible. Maximum Ash and iron 

concentrations are defined  for each type of material used. 

8 types of  blasting media are considered. Specific particle 

size distribution and bulk density characterize each type.

NO
Medium Intensity.        

7.5 - 200KW

Fact sheet E6 - Mechanical Recycling of 

Plastics
NO NO N.F. N.F. N.F. N.F. N.F.

Due to the variability of machines, brands and scales, there is no reference on generic 

OPEX/CAPEX for this technology. Direct contact with supplier is advised for economic 

evaluation on the desired scale or work. 

Derived from electricity 

consumption

Plastic particles 

from grinding 

process

N.A.

62
YEAST SLUDGE AND 

SLURRY
SOLID  

YEAST

NUTRIENTS

S : PHARMACEUTICAL

P : FERMENTATION PROCESS

S : AGRO-INDUSTRIAL 

PRODUCTION

P : LIVESTOCK FEEDING

The aim of this synergy is to 

recover yeast slurry from 

pharmaceuticals plants and 

provide food for animal farming.

MATERIAL EXCHANGE INDIRECT BEST PRACTICES P = PT+T

 Yeast recovery from 

Insuline  fermentation 

process production

After a Fermentation process (Sugar + Salt  +vegetable based products+ yeast ) within a production bioreactor insulin 

percursors (IP) are produced. During fermentation process surplus yeast is generated besides IP cells. The harvesting of 

IP cells is made by centrifugation process where residual yeast is obtained fermentation liquid. The residual yeast is 

converted in Yeast slurry (Pig feed) by the addition of sugar, water and lactic acid bacteria.

Centrifugator Considering that the byproduct of interest (Yeast Surplus) result from a compulsory separation process, centrifugation technology will define the reference recovery rates. YES

The addition of sugar, water and lactic acid 

bacteria into the residual yeast to converte it into 

Yeast slurry (Pig feed). 

N.A. T

Site (obtain yeast 

surplus)   Yeast slurry 

can be maid at site/Ext. 

Facility/receiver 

Max 36l/h

No specific technical data  concerning the process was 

publicaly available.  The variability  of raw materials used 

on the different insulin fermentation process 

alternatives was identified as majour variable on the 

analysis..

https://www.beck

man.pt/centrifuge

s/high-

speed/avanti-j-hc

YES Road; Railroad
Yeast/Yeast Slurry can be transported without sigmificant 

constraints.Hermetic recipients are compulsory to prevent contamination  
YES

https://www.beckman.

pt/centrifuges/high-

speed/avanti-j-hc

YES

Sustainable Industrial 

Design and Waste 

Management: Cradle-to-

Cradle for Sustainable 

development

Novo Nordisk A/S established at Kalendburg 

industrial park have been running succesfully for 30 

years this symbiotic relation with pig farm producers 

(around 800.000 pigs fed per year)

GO X
Fermentation process should be finished before 

centrifugation 
NO (Working temperature ranges are between (10-40C))

YES               Avanti® J-

HC High Capacity 

Three-Phase 

Centrifuge, 220 V, 12 

A

https://www.beckman.pt/centrifuges/hig

h-speed/avanti-j-hc

YES

To obtain yeast 

slurry mixture

Salt , water sugar and 

lactic acid to produce 

Yeast slurry

N.F.

Associated to hand 

labour and mixing 

subproducts market 

value (water, salt, 

sugar and lactic acid )  

N.F.

Yeast surplus production is 

already a by product of an 

well implemented 

procedure. Probable CAPEX 

costs are associated to 

required storage and mixing 

facilities, Higly dependent 

on the production scale 

required. 

N.F. N.F. N.F.

Production of biopharmaceuticals using yeast expression system is also very cost 

effective and is amenable to scale up using large bioreactors. 

https://microbialcellfactories.biomedcentral.com/articles/10.1186/s12934-014-0141-0

N.F.

Considering the 

centrifugator 

CO2 

emmissions are 

derived from 

electricity 

consumption

The valorized yeast 

is already an 

residue valorized. 

No information is 

available on other 

residues produced 

during Yeast slurry 

ellaboration

N.F.

63
POULTRY 

DEJECTIONS
SOLID  EXTRACELLULAR ENZYMES

S : AGRO-INDUSTRIAL PRODUCTION

P : INTENSIVE_POULTRY_FARMING

S : TEXTILE

P : TANNING 

The aim of this synergy is to 

recover poultry dejections to 

perform taning phase in textile 

industries.

MATERIAL EXCHANGE INDIRECT BEST PRACTICES P = PT+T

Microbiological 

desodorization of 

poultry dejections (PD)

Collection by manure belts of latung hens after 24-36 hours. Drying for a 72h period in a Manure Drying System up to 

85%. Dried PD is put in static batch bioreactors  where it is  Biotreated (Ripped and Biostabilized) using Vegetable Active 

Principals (VAP)  up to 120 days period. (PODEBA PROJECT)

Static deodorization 

Bioreactors 

Dried poultry dejections are placed in 1 m3 bags where natural enzymatic mixtures named VAP (Vegetable Active Principles), prepared from selected plants, picked up in their balsamic period, at the time of maximum 

vegetative development are mixed with.  VAP will speed up biooxidation processes, reduce biomasses turning and maintain N in slow release form. Humidity is controlled to minimum levels during the complet 120 day 

ripening and biostabilization process. 

NO

After 120 days within the bioreactor PD will be 

desodorized and ready to be used in the tanning 

process.

N.A. T
Site/  Ext. facility/         

Receiver
0.9 m3 per m3 of dried PD

Using pure Dried PD the expected recovery rates are 

over 90% of innitial non deodorized  matter weight

PODEBA Life 

Project
YES Road; Railroad

Once bioreactors advised are standard 1 m3 polimeric bags, desired means 

of transportation will use m3 units for optimal space utilization. Covered 

transport surfaces are advised.   

YES NO PODEBA Project

Even tanning with PD was recovered from ancient 

principals, Life PODEBA dehodorization technology is 

considered to be included as a BAT in tanning BREF.  

GO X
PD should be dried up to 85% of total humidity before 

bioreactors
NO N.C NO

YES           VERY 

LOW
European Patent; EP 1 314 710 A1

Vegetal components at 

maximum vegetative 

development without 

withered or rotten 

portions. Non 

poasteurized milk

European Patent; EP 

1 314 710 A1
N.F.

Expected to time 

labour of mixing 

components on the 

bioreactors and 

verification 

measurement actions

N.F.

Considering the receiving of 

dry PD before the 

bioreactors, capital costs are 

associated to the 

construction of bioreactors 

hall, feeding system and 

small crane

N.F. N.F. N.F.

The bioreactors technology for tanning processes even its is expected to be a very Low 

cost and Low maintenance technological solutions, there is still under devellopment on 

industrial Scale. No Economic data was found at the moment. 

Even there is no specific 

information on the ammount 

of emissions associated a 

reduction on 96% on 

Ammonia was obtained in dry 

conditions at bioreactors site

European 

Patent; EP 1 

314 710 A1

N.F. N.F.
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GREEN LIQUOR 

SLUDGE
SOLID Cr

S : PRODUCTION OF PULP PAPER AND BOARD

P : THE KRAFT PULPING PROCESS

S : STEEL

P : 

ELECTRIC_ARC_FURNACE_STEEL

MAKING_AND_CASTING_MANU

FACTURING

The aim of this synergy is to 

recover lime from kraft pulping 

process in pulp and paper 

production sector, and provide 

electrical arc furnaces for steel 

manufacturing.

MATERIAL EXCHANGE INDIRECT STRANE METHODOLOGY P = T

Recover Non Process 

Elements (NPE´s) from 

Green liquor Sludges.

Green liquour obtained from black liquor combustion smelt  (mix of dissolved salts) wash, passes through two steps 

during Kraft pulping ; a clarification/filtering  process (modern technics) where Green Liquor Dregs (GLD) are produced 

and a causticizing  process  to generate white liquor where Lime Mud (LM) is produced. GLD is the most significant solid 

waste from the Kraft process (Tran and Vakkilainen,2007) followed in smaller ammounts by LM (most of it is reused in 

the Kraft process). Non Process Elements  (NPE´s ) or  inorganic process contaminants elements are those that have no 

active part in the process and are detrimental to pulping, bleaching or recovery. Most NPE´s (including Chromium) 

precipitate/accumulate in the  form of GLD  residues. Inert materials and NPE´s should be taken out of the process (by 

GLD removal) to avoid performance problems asscociated to its recirculation on  Kraft process steps and secure high 

reaction rates in the chemical recovery system. 

Acid Leaching / 

oxidation process of 

the oxidized fraction of 

Green Liquor Dregs

GLD are composed by 3 main fractions. Laboratory tests conclud that the highest extractable concentrations  of NPE´s and heavy metals  (including Cr) are in the oxidable fraction.As metals bound to this fraction can 

be released under oxidizing conditions, an oxidation process is usually applied to extract metals associated. Some labsclae experiments where conducted  using  H2O2 and CH3COONH4 for NPE and heavy metal 

extration. The extractability

of  some of the non-process elements (NPEs) from the dregs cake by utilizing chelating agents (EDTA) have been studied at lab scale, improved the extraction of all discussed elements solution considerably, except for 

Cr.

 (http://lutpub.lut.fi/bitstream/handle/10024/158867/Seyedmohammad%20Golmaei_A4.pdf?sequence=1&isAllowed=y)

N.A. N.A.

During GLD separation a LM precoat can be used influencing the ammount of lime Mud in the average composition of Green liquor Sludge. In extreme cases (LM <2% and LM > 

75%) the ammount of Cr available vary from 75 - 85 mg/kg  an insignificante difference (mostly dependent on % of GLD )BREF PP.  Due to the high alcalinity of GLD, acid 

leaching recovery technology do not show to be cost effective for low concentrations of NPE´s as Cr. 

T
Site/  Ext. facility/         

Receiver
8.2 mg/kg d.w (laboratoy scale)

N.F.

The leaching rate is affected by among others by  

particle size and porosity of the solid material, but also 

the composition and pH of leachate and the 

temperature. 

(YIELD) 

https://www.scien

cedirect.com/scien

ce/article/pii/S138

5894710011782    

(Recovery Rate)   

http://publication

s.lib.chalmers.se/r

ecords/fulltext/23

8754/238754.pdf

YES Road; Railroad

Considering dry GLD, the actual means of transportation to landfill could 

be used to forward them to proccesing facilities. In case of transportation 

of recovered Cr III, (condsidering it is not an hazardous material) no 

specific requirements will be needed besides business as usual.

NO

No references were 

found for 

commercially available 

oxidization technology 

providers

NO 

https://www.sciencedirect

.com/science/article/pii/S1

385894716309147     

https://www.sciencedirect

.com/science/article/pii/S1

385894710011782         

Suitable applications for green liquor dregs still 

remain limited.            GLD and LM present very low 

valorization alternatives  where landfilling after drying 

process  is the most extended practice at the 

moment.           

NO GO X

NPEs are elements such as potassium, manganese, barium, 

iron, aluminium, copper, nickel, chromium and zinc. All of 

the chemicals in the system other than sodium, sulphur, 

carbon, hydrogen, and oxygen.The green liquor dregs 

consist of mostly Ca, Mg, C, and Mn, as well as some Al, Si, 

Fe, P and Ti (Theliander et al. , 2002).

YES

Heat promote oxidation 

(Meddium T =  85 ºC )

https://www.sciencedirect.com/science/article/pii/S13858947

10011782
YES         

No specific data on energy consumption 

were available associated to the 

oxidation process

NO H2O2 and CH3COONH4

https://www.science

direct.com/science/a

rticle/pii/S1385894

710011782

N.F. N.F. N.F. N.F. N.F.  

The removal of hazardous metals from GLD is still an unresolved issue for the industry. 

Using conventional acids for leaching from GLD at its highly alkaline pH is not feasible 

for industrial scale. 

https://www.sciencedirect.com/science/article/pii/S030147971830094X  

N.F. N.F. N.F.
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DATA SET 1: SYNERGY CHARACTERIZATION DATA SET 2: PROCEDURE AND TECHNOLOGY CHARACTERIZATION + TRANSPORT DATA SET 3: PROCEDURE/TECHNOLOGY INPUT, OUTPUT AND COST ANALYSIS
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SOLID WASTE FUEL 

FEEDSTOCK

VARIOUS STATE OF 

MATTER
Various waste - See table n°

S : DIFFERENT:  SEE ANNEXED TABLES (D 3.1)

P : DIFFERENT:  SEE ANNEXED TABLES (D 3.1)

S : WASTE TREATMENTS 

INDUSTRIES

P : WASTE TREATMENT AIMED 

PRODUCE MATERIAL USED AS 

FUEL

The purpose of this synergy is to 

recover all types of solid 

combustible waste and send it to 

waste treatment industries to 

produce conventional fuels.

WASTE FOR FUEL 

PREPARATION
INDIRECT STRANE METHODOLOGY P = PT+T

Mechanical treatment 

of Waste with calorific 

Value

The waste input is processed mainly to obtain a more homogeneous combustible material, which does not contain wet 

putrescible materials or heavy inert materials (stones, glass, scrap metals, etc.). The process for deriving fuel from solid 

waste can be divided into several steps/technologies that do not necessary make part of the process. They include a 

reception area/bunker; pre-sorting/contaminants selection; feeding equipment - wheel loaders or cranes are usually 

applied for the feeding of the

process; size reduction - comminution can be achieved by hammer mills, shear shredders, singleshaft shredders, rotary 

cutters, camshaft shredders and cascade mills; sorting (e.g. ferrous and non-ferrous metals separation, screening, air 

classification,NIRS, picking); compacting/pelletising can be carried out by flatbed presses, ring die presses, or disc 

agglomerators ; storage/storage area/hopper;

loading and transportation. (BREF WT)

N.A.

Solid fuel preparation technologies vary considerably depending on the source and type of waste, and on the user specifications of the customer/ combustion installation.The user requirements often define the 

product quality and the waste fuel characterisation.

Power plants, cement and lime works, gasification plants, multifuel boilers, etc. have different standards for the use of solid waste fuel dependent on their technology, waste gas treatment and product specification. 

The quality assurance of the preparation of waste to be used as fuel is driven by the need to

meet the specifications set by the receiving facility. (BREF WT)

N.A

After the final processing step, a solid waste fuel 

is obtained. In some cases, additional

processing steps may be required to design the 

solid waste fuel according to the consumers’
wishes. For example, further compacting or size 

reduction may be requested.Once the 

combustible material has been separated, it is 

then shredded and either sent to the

customer, or pelletised before it is sent for 

combustion (this usually occurs when the 

material is

burnt off site, as a densified fuel reduces 

transport costs).

Solid waste can be a heterogeneous mixture of materials. The aim is to homogenize a combustible material out of non-hazardous solid waste by appropiate  preparation 

technologies.  The process to derive fuel from solid wastes separates the calorific fraction and the non-calorific fraction contained in the waste input.The quality assurance of 

the preparation of waste to be used as fuel is driven by the need to meet the specifications set by the receiving facility. This is related to the waste composition characterisation 

(see Section 2.3.2.2 BREF WT), and to the output quality management system (see Section 2.3.2.6 BREF WT). Mixing and blending (see Section 2.3.2.8 BREF WT).

P
Receiver (Waste 

treatment facility)
N.F.

The recovery rates are dependent on the % of calorific 

value materials available in the mixed waste residues to 

separate . Mechanical separation do not induce 

significant losses on calorific value recovered wastes. 

BREF WT YES Road; Railroad
The actual transportation networks used for waste management (e.g MSW 

) are fully suitable for solid waste valorization transportation.
YES

The independent 

technologies involved 

in the procedure are 

commercialy available 

YES                                  

BREF WT

The blending of large 

volumes of solid wastes is 

common practice in a 

number of EU countries

The demonstration of energy recovery from specific 

waste plastic streams in full-scale tests has

been going on over a sufficiently long time period to 

prove the repeatable and stable operating

conditions;

GO X

Chemical and physical quality of the fuel shall meet any 

specifications or standards, ensuring environmental 

protection, protection of kiln furnace process, material 

produced quality when fuel influence product 

production. Energy and mineral contents must remain 

stable for optimal kiln/furnace feed. the physical form 

must allow safe and proper handling, storage and 

feeding.  (BREF WT)

YES

The range from energy 

consumption is from around 

700 MWh/year to 12 000 

MWh/year, with an average of 

around 3 000 MWh/year.

BREF WT

YES                     Is the 

main energy source. 

The specific electricity 

consumption varies 

from 6.3 kWh/t to 152 

kWh/t, with an average 

of

around 43 kWh/t.

BREF WT

YES.              

22 m3 to 16 

400 m3/y (of 

which 5000 

m3/year

is recycled).  

Average 2 litres 

to 800 litres 

per tonne of 

waste

treated.

BREF WT

Mechanical treatment of waste with calorific value is a dry 

process. Water may be used for cleaning, and for wet 

scrubbing or water spraying (dust abatement)

Municipal solid waste 

(MSW), ‘commercial’ 
waste, and construction 

and demolition waste are 

the most common 

sources.The type of 

furnace or boiler used, the 

combustion conditions 

(e.g. temperature) that the 

process should operate, 

the impact on the 

emissions or products 

and the type of fuel 

already in use has a strong 

influence on which the 

type of waste(s) may be 

acceptable and how the 

waste fuel is prepared.

BREF WT

For equipment capacities 

of 10 t h-1, 20 t h-1 and 

80 t h-1are 32 euro per t; 

23 euro per t and 15 euro 

per t, respectively.

https://pdfs.semantics

cholar.org/e77e/aad3c

1ecb6cd5f62240d6e9

9bb01ce04f598.pdf

N.F.

Prices of equipment fluctuate and depend on 

equipment specification, quantity, geographic location, 

transportation costs, discounts offered by sellers of 

machinery, etc. factors

https://pdfs.semanticschola

r.org/e77e/aad3c1ecb6cd5f

62240d6e99bb01ce04f598

.pdf

N.F. N.F. N.F.

An increase in amount of waste and processing capacity means the decrease in costs of 

mechanical pre-treatment of 1 ton of waste. Mechanical pre-treatment equipment of 

unsorted municipal waste is economically nonbeneficial, when the use

of fine (biologically degradable) fraction is not 

possible.https://pdfs.semanticscholar.org/e77e/aad3c1ecb6cd5f62240d6e99bb01ce0

4f598.pdf

Emissions to air from 

mechanical treatment of 

waste with calorific value are 

likely to be dust.

Emissions of odour and 

organic compounds may also 

occur when the waste input 

contains

organic matter (e.g. MSW).

Solid waste fuel 

can be available in 

different forms 

(Fluffy, soft 

pellets, hard 

pellets, chips and 

powder) 

deppending on teh 

physical and 

chemical 

characteristics 

(particle size, bulk 

density,moisture 

content, net 

calorific value, ash 

content and 

chemical 

composition)

The output types of of solid wastes 

mechanical separation include: Solid 

fuels (Including Solid Recovered 

fuels- SRF (meet standardized 

classification and specification 

requirements; Refused derived fuels -

RDF- no standardized and 

specification requirements; Solid 

Biofuels - Hogh calorific 

biodegrdable waste  and garden and 

sludge wastes) / Waste Plastic 

(substitute other solid fuels, such as 

coal, peat, wood, petroleum, coke) 

/Wood for reuse and Incombustible 

materials (sent for material recovery 

)
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LIQUID WASTE FUEL 

FEEDSTOCK

VARIOUS STATE OF 

MATTER
Various waste - See table n°

S : DIFFERENT:  SEE ANNEXED TABLES (D 3.1)

P : DIFFERENT:  SEE ANNEXED TABLES (D 3.1)

S : WASTE TREATMENTS 

INDUSTRIES

P : WASTE TREATMENT AIMED 

PRODUCE MATERIAL USED AS 

FUEL

The purpose of this synergy is to 

recover all types of liquid 

combustible waste and send it to 

waste treatment industries to 

produce conventional fuels.

WASTE FOR FUEL 

PREPARATION
INDIRECT STRANE METHODOLOGY P = PT+T

Mechanical and physico-

chemical preparation of 

hazardous liquid waste 

fuels

Several combined mechanical and physico-chemical processes can be used to prepare diverse hazardous liquid waste 

fuels: a) physical processes involving the combination of homogenisation, phase separation and mixing/blending steps; 

b) fluidification processes; c) emulsification processes.

The treatment of waste oils (other than re-refining) is considered in synergy number 97.

a) Physical processes

b) Fluidification 

processes

c) Emulsification 

processes

a) Homogenize hazardous  liquid/pasty wastes to recover energy content and recicle inorganic material.  Blending and homogenisation are the main operations, pretreatment activities

such as phase separation or settling can be used (see details in BREF WT section 5.3.2.3.1 ) b) Blend and homogenise liquid, pasty and solid compatible wastes from several producers and/or sources by fluidification. 

Peparation and /or formulation; fluidification; dissolution; grinding and screening and control. The main processes and production steps details are fully described in section 5.3.2.3.2 of BREF WT. 

c) Produce a homogeneous and stable waste fuel from liquid and semi-liquid waste by means of the addition of selected chemicals

or tensides. Similar to pasty raw meal preparation for clinker production in cement kilns. Reception and storage; Feeding; Production process; Screening ; Sand extraction; Storage and dispatching are the main 

processes, fully described in section 5.3.2.3.2 of BREF WT.

N.A.

Some liquid waste fuels can be prepared by 

blending different wastes that have high calorific

values and feed them independently into the 

combustion chamber or they can be 

mixed/blended with conventional fuels (e.g. 

waste oil and fuel oils). Some liquid wastes,

for instance oils, normally need pretreatment to 

remove bottoms, sediments, and water. This may 

be achieved through separation and dehydration.

The preparation of different types of waste fuel needs to consider the technical characteristics of the combustion plant/process using it (e.g. cement plant, lime plant, power 

plant (hard coal,lignite), specialised waste fuel combustion). These combustion processes have different technical characteristics

Some factors affecting the extent to which the waste treatment operations depend on the waste fuel application are:  type of waste used to prepare the waste fuel, techniques 

used for waste fuel storage; kind of furnace feeding (bulk material, blow feeding); fuel mix used in the combustion process;

 type of combustion process, grate firing, pyrolysis or fluidised bed specification of the process using the waste fuel in terms of composition: e.g. chlorine content for waste 

used in cement production. (BREF WT)

P
Receiver              (Waste 

treatment facility)
N.A

Fuel yield is less than 100% of the

waste quantity because of the water, ash and other 

impurities that may be cleaned and separated in the 

different proceses

BREF WT YES Road; Railroad

Dispatching to the customer is carried out by a truck loading station. This 

loading station is fed

by the storage unit.

BREF WT.

YES BREF WT YES

BREF WT

Table 5.34 compile 

information of plants 

from the reference list 

performing physico-

chemical treatment of 

waste with calorific 

value.The treatment 

processes are described in 

the sections mentioned in 

the table.

The transformation of  liquid waste streams into 

liquid fuel streams  proved the repeatable and stable 

operating

conditions;

GO X

Liquid waste fuels can be prepared from waste oils, 

solvents, and distillation bottoms. The way the liquid 

waste fuel is going to be used in the

combustion process influences the way the waste fuel is 

prepared.  Typically, the materials prepared by these 

types of treatments are hazardous wastes. (BREF WT)

N.F.

6–225 kWh per tonne 
of

waste treated, with an 

average of about 56 

kWh/t.

BREF WT

YES              

The average 

water usage is 

reported to be 

between 31 

litres and 213 

litres per tonne 

of waste

treated, with an 

average 

consumption 

of 96 l/t.

BREF WT

The water is not used for the process itself but for 

cleaning/rinsing or for sanitary purposes

Depending on the process 

a) b) or c) specific 

products can be required. 

Specific analysis on fuel 

characteristics/requireme

nts  is compulsory for 

decision process.

N.F.

N.F.

Prices of equipment fluctuate and depend on 

equipment specification,layout, quantity, geographic 

location, transportation costs, discounts offered by 

sellers of machinery, etc. Raw materials will 

specifications will strongly influence the technology 

required,

N.F. N.F. N.F. N.A 

Table 5.35 and Table 5.36 of 

WT BREF show, for the 

relevant plants on the 

reference list, the origin of

emissions to air, the 

associated abatement 

techniques and the 

pollutants monitored in 

emissions

to air.

BREF WT

Dependent on the 

process a) b) or c) 

selected for 

transformation of 

wastes.

N.A.

91 HEAT GAS HEAT
S : DIFFERENT:  SEE ANNEXED TABLES (D 3.1)

P : DIFFERENT:  SEE ANNEXED TABLES (D 3.1)

S : DIFFERENT:  SEE ANNEXED 

TABLES (D 3.1)

P : DIFFERENT:  SEE ANNEXED 

TABLES (D 3.1)

The aim of this synergy is to 

recover heat and directly reuse it 

in nearby other industrial sites or 

for urban heating.

HEAT/STEAM 

RECOVERY
INDIRECT

STRANE METHODOLOGY

BEST PRACTICES
P = PT+T

Waste heat recovery 

(WHR)

There are many different heat recovery technologies available which are used for capturing and recovering the waste heat 

and they mainly consist of energy recovery heat exchangers in the form of a waste heat recovery unit. These units mainly 

comprise common waste heat recovery systems such as air preheaters including recuperators, regenerators, including 

furnace regenerators and rotary regenerators or heat wheels and run around coil, regenerative and recuperative burners, 

heat pipe heat exchangers, plate heat exchangers, economisers, waste heat boilers and direct electrical conversion 

devices. These units

all work by the same principle to capture, recover and exchange heat with a potential energy content in a process. 

https://www.sciencedirect.com/science/article/pii/S2451904918300015

N.C

Depending on the type and source of waste heat and the amount and grade of heat recoverable, different waste heat recovery system can be used :  Regenerative and recuperative burners (recover heat from the hot 

flue gas from the combustion process); Economisers (recover low – medium waste heat for heating liquids); Waste heat boilers (recover heat from medium – high temperature exhaust gases  to generate steam as an 
output); Air preheaters (exhaust-to-air heat recovery  mostly for low to medium temperature applications),air preheaters can include  Recuperators  (recover waste exhaust gases at medium to high temperature ); 

Regenerators  (suitable for high temperature applications such as glass furnaces and coke ovens); Rotary regenerators  (similar to regenerators but used where recovering humidity and moisture from the outletduct is 

required); Run around coil (RAC) (when sources of heat are too far from each other); Plate heat exchanger (transfer heat from one fluid to another when cross contamination needs to be avoided); Heat pipe 

systems (transfer heat from one place to another with the help of condensation and vaporisation of a working fluid.) they can include Pulsating heat pipes ;Heat recovery steam generator (HRSG) (recover the waste 

heat from the exhaust of a power generation plant); Heat pump is a thermodynamic device which takes and transfers heat from a heat source and to a heat sink using a small amount of energy. This system, already 

considered as BAT are good for low-temperature WHR, as they give the capability to upgrade waste heat to a higher temperature and quality.   https://www.sciencedirect.com/science/article/pii/S2451904918300015

N.A.

Waste heat recovery methods include capturing 

and transferring the waste heat from a process 

with a gas or liquid back to the system as na extra 

energy source. Once waste heat is recovered no 

complementary treatament post utilization is 

required. In the case of significant heat is still 

generated, new WHR can be applied.

There are 3 main temperature ranges to consider on WHR processes. High temperature WHR consists of recovering waste heat at temperatures greater than 400 °C, the medium 

temperature range is 100–400 °C and the low temperature range is for temperatures less than 100 °C . Usually most of the waste heat in the high temperature range comes from 
direct combustion processes, in the medium range from the exhaust of combustion units and in the low temperature range from parts, products and the equipment of process 

units . The higher the temperature, the higher the quality of the waste heat and the easier optimisation of the waste heat recovery process

P Site N.F.

Highly dependent on Technology used. For high 

temperature boilers recovery rates between 40  and 

90% can be recovered.  

https://www.scien

cedirect.com/scien

ce/article/pii/S245

1904918300015

YES

High thermal  

isolated pipes and 

pumping system.

Transport technology is the same used in conventional heat transport 

system at industrial sites and district heating installations.

Highly dependent on  technology. 

Table 1 (H. Jouhara et al) shows a 

summary of all the technologies 

presented including their 

temperature range, benefits and

limitations. Individual analysis is 

adviced depending on the context.

https://www.sciencedi

rect.com/science/articl

e/pii/S245190491830

0015

Highly dependent on  technology. 

Table 1 (H. Jouhara et al) shows a 

summary of all the technologies 

presented including their 

temperature range, benefits and

limitations. Individual analysis is 

adviced depending on the context.

https://www.sciencedirect

.com/science/article/pii/S2

451904918300015

 To take advantage of the potential of industrial waste 

heat, it is therefore essential to look into and analyse 

the industrial processes used in large energy 

consuming industries and to investigate what suitable 

waste heat recovery methods can be applied to the 

systems of each sector. The selection of heat recovery 

methods and techniques

largely depends on key factors such as the quality, 

quantity and the

nature of heat source in terms of suitability and 

effectiveness

GO X

Waste heat recovery systems/technologies are 

correspondingly introduced for each  heat loss 

temperature grades (high temperature,

medium temperature and low temperature grades) .

N.A.

Different industrial 

processes consume 

different amounts of 

energy and produce 

different quantities 

and qualities of waste 

heat.

https://www.sciencedirect.com/science/

article/pii/S2451904918300015

Dependent on 

the process 

used. See 

individual 

description 

section 2 (H. 

Jouhara et al      

https://www.sciencedirect.com/science/article/pii/S245190

4918300015

Dependent on the 

process used. See 

individual description 

section 2 (H. Jouhara et al    

https://www.science

direct.com/science/a

rticle/pii/S2451904

918300015

N.F. N.F. N.F. N.F. N.F.

Individual cost analysis is needed for specific technology selected. Table 1 (H. Jouhara et 

al) shows a summary of guidance information on applicability  and general comments 

on economic assesments.  

Dependent on Technology 

used

Dependent on 

Technology used
Dependent on Technology used

92 HEAT GAS HEAT
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S : DIFFERENT:  SEE ANNEXED 

TABLES (D 3.1)

P : DIFFERENT:  SEE ANNEXED 

TABLES (D 3.1)

The aim of this synergy is to 

recover heat for electricity 

producing

HEAT/STEAM 

RECOVERY
INDIRECT

STRANE METHODOLOGY

BEST PRACTICES
P = PT+T

Thermodynamic cycles 

and Direct electrical 

conversion devices

Through the use of thermodynamic

cycles ( The Clausius-Rankine Cycle, Organic Rankine cycle and Kalina cycle  ) heat recovery from waste sources can be 

directly conducted to obtain electrical energy and improve energy efficiency of a process. Direct electrical conversion 

devices produce electricity directly from waste heat and eliminate the need for converting heat to mechanical energy to 

produce electrical energy. These technologies include the use

of thermoelectric, piezoelectric, thermionic, and thermo photo voltaic (TPV) devices for electricity generation.                        

(https://www.sciencedirect.com/science/article/pii/S2451904918300015 )                                                                                        

N.C

Thermodynamic cycles:  The Clausius-Rankine Cycle (Water is heated in the evaporator as the working fluid  to generate superheated steam. This is then directed to the turbine to generate power and then passed 

through the condenser, losing heat and turning back into its liquid state. The liquid water is then pumped into to the evaporator and

the cycle is repeated.) Organic Rankine cycle -ORC (the system uses organic substances with low boiling points and high vapour pressures as the working fluid to generate power instead of water or steam, the system 

is suitable for utilising low grade waste heat and for power generation using energy sources such as geothermal , biomass , and solar applications. Kalina cycle - KC ( is a variant of Rankine cycle that uses the working 

fluid in a closed cycle to generate electricity. This system however, commonly uses a mixture of water and ammonia as the working fluid in a process that usually consists of a recuperator and separator in addition to 

other components of a Rankine cycle to generate steam and power). Direct electrical conversion devices: Thermoelectric generation ( generate electrical current when they face a temperature differential between two 

surfaces); Piezoelectric power generation (convert ambient vibration such as oscillatory gas expansion into electricity); Thermionic generator (produce electric current through temperature difference between two 

media and operate through thermionic emission without the use of any moving objects ); Thermo photo voltaic (TPV) generator (directly convert radiant energy into electricity similar to the functionality of solar 

panels). https://www.sciencedirect.com/science/article/pii/S2451904918300015

N.A.

Thermodynamic cycles:  Once waste heat is 

recovered to generate superheated steam no 

complementary treatment post utilization is 

required. After condensation of the steam the 

liquid can be recirculated  and use waste heat 

again to restart the process. Direct electrical 

conversion devices: No treatments associated  

are required after heat recover and energy 

generation by direct electrical conversion devices

Thermodynamic cycles:  Generally  consists on a pump, a condenser, an evaporator and a generator. This is considered a multitechnology process.                                

Direct electrical conversion devices: Based on different physical principals, are still emerging technologies with hogh potential utilization.
P

Site/  Ext. facility/         

Receiver
N.A

Thermodynamic cycles:  Highly dependent on the 

technology used. For rankine cycles  an average of 20 to 

40% of heat waste can be converted into electricity in 

medium- low temperatures grades. Organic Rankine 

Cycle: net efficiency of

almost 22% can be achieved. Kalina cycle offers a better 

result when the recovered heat is of medium-high grade 

nature.  Direct electrical conversion 

devices:Thermoelectric generation : efficiencies of 15% ; 

Thermo photo voltaic (TPV) generator : efficiencies of 

20% .

https://www.scien

cedirect.com/scien

ce/article/pii/S245

1904918300015

YES

High thermal  

isolated pipes and 

pumping system. 

(Considered as BAT 

)

For thermodinamic cycles, transport technology for waste heat is the same 

used in conventional heat transport system at industrial sites. Distance is 

the key factor for transport viability evaluation.   

YES    (Thermodynamic cycles)                

NO             (Direct electrical 

conversion devices:)                                 

https://www.sciencedi

rect.com/science/articl

e/pii/S245190491830

0015

YES

(Thermodynamic cycles)

NO

(Direct electrical conversion 

devices:)                             

https://www.sciencedirect

.com/science/article/pii/S2

451904918300015

The use of thermodinamic cycles procedure is widly 

implemented at industrial scale , Organic Rankine 

cycle and  Kalina Cycle shows potential technical 

advantajes over traditional Klausius rankine cycle in 

specific conditions. Direct electrical conversion 

devices are not widely used/implemented at industrial 

scale at the moment, Prototype and lab scale are their 

actual devellopment stage. 

https://www.sciencedirect.com/science/article/pii/S24

51904918300015     

GO X

(For long distances, 

significant costs 

increase on 

transportation are 

expected)

Waste heat recovery systems/technologies for energy 

production present particular required  specifications . 

See individual description section 2 (H. Jouhara et al, 

2018)     

N.F.

YES                     

Different recover 

technologies consume 

different amounts of 

energy. 

https://www.sciencedirect.com/science/

article/pii/S2451904918300015

Dependent on 

the process 

used. See 

individual 

description 

section 2 (H. 

Jouhara et al         

https://www.sciencedirect.com/science/article/pii/S245190

4918300015

Dependent on the 

process used. See 

individual description 

section 2 (H. Jouhara et al    

https://www.science

direct.com/science/a

rticle/pii/S2451904

918300015

N.A. N.A. N.A. N.A. N.A.

The use of thermodynamic cycles that employ organic working fluids enables a cost 

effective and promising way of energy recovery from

moderate grades of waste heat sources. Individual cost analysis is needed for specific 

technology selected. Table 1 (H. Jouhara et al) shows a summary of guidance 

information on applicability  and general comments on economic assesments.   

https://www.sciencedirect.com/science/article/pii/S2451904918300015

Dependent on Technology 

used

Dependent on 

Technology used
Dependent on Technology used
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S : DIFFERENT:  SEE ANNEXED 

TABLES (D 3.1)

P : DIFFERENT:  SEE ANNEXED 

TABLES (D 3.1)

The aim of this synergy is to 

recover steam and produce 

electricity

HEAT/STEAM 

RECOVERY
INDIRECT

STRANE METHODOLOGY

BEST PRACTICES
P = PT+T

Electricity production 

by steam recovery.

The conventional process of generating electricity from steam comprises four parts: a heating subsystem (fuel to 

produce the steam), a steam subsystem (boiler and steam delivery system), a steam turbine, and a condenser (for 

condensation of the used steam). (BREF LCP) . Diferent thermodinamic cycles can be considered ih this process (See 

Synergy 92) . In the particular case of steam recovery for electricity production there are two different possible 

approaches; a) direct use of steam in the turbine , condensator an extra pump for depressurization (Use of Rankin ecycle 

without heating and steam subsystem). Only clean steam can be used in this process. b) Use the steam to preheat a 

thermal fluid in a closed cycle (Organic cycle or Kalina cycle) in case of contaminated process steam. 

Conventional turbine 

generation

In a turbine, the steam transforms its

energy to mechanical work to drive rotating or reciprocating machinery such as pumps,

compressors or electrical generators. (BREF ENE )Turbine selection is higly dependent on the physiscochemical and thermodinamic characteristics of the steam flow.

N.A.

Once waste steam is turbined to generate 

electricity no complementary treatment post 

utilization is required. After condensation of the 

steam the liquid can be recirculated  and use 

waste heat again to restart the process (ORC or 

KC), in the case of direct utilization in the turbine 

the remaining heat after condensation and 

pumpimg can be negleted or valorized for other 

thermal purposes. 

The direct utilization of steam for electricity production is so highly dependent on its  pressure, temperature and its chemical composition. This criteria will define the most 

appropriate procedure for its utilization. As an example, steam pressure between  4-5 bar are considered low pressure steam but it can be still valorized for energy production in 

low pressure turbines (temperature will signicantly influence the final technology selected). Pressure below 4 bar and low temperatures will require a pre heating system to 

reduce the moisture content an increase temperature before the turbine. 

P
Site/  Ext. facility/         

Receiver 
N.A

 For rankine cycles  an average of 20 to 40% of heat 

waste can be converted into electricity in medium- low 

temperatures grades. Organic Rankine Cycle: net 

efficiency of almost 22% can be achieved. Kalina cycle 

offers a better result when the recovered heat is of 

medium-high grade nature. The valorization rates will be 

dependent on its temperature and pressure,chemical 

quality and the transport distance.

https://www.scien

cedirect.com/scien

ce/article/pii/S245

1904918300015

YES

High thermal  

isolated pipes and 

pumping system. 

(Considered as BAT 

)

The piping should be properly sized, supported, insulated, and configured 

with

adequate flexibility. Pressure-regulating devices such as pressure-reducing 

valves and

backpressure turbines should be configured to provide a proper steam 

balance among the

different steam headers. Additionally, the distribution system should be 

configured to allow adequate condensate drainage, which requires 

adequate drip leg capacity and proper steam trap

selection. BREF ENE

YES BREF LCP YES BREF LCP

The use of thermodinamic cycles procedure is widly 

implemented at industrial scale , Organic Rankine 

cycle and  Kalina Cycle shows potential technical 

advantajes over traditional Klausius rankine cycle in 

specific conditions. In the case of clean steam, 

Rankine cycles are highly efficient. In case of 

contaminated steam ORC and KC are the most 

extended technologies around industrial sites

GO X

(For long distances, 

significant costs 

increase on 

transportation are 

expected)

High pressure and temperature, both necessary for high 

efficiency (BREF LCP) Chemical composition will severelly 

influence on technologuy utilization.

N.A.

Just in case of need of 

preheating process before 

turbine

BREF LCP

YES                     

Depending on the  

technology used. 

Mostly associated to 

pumping stages

https://www.sciencedirect.com/science/

article/pii/S2451904918300015

Dependent on 

the process 

used. See 

individual 

description 

section 2 (H. 

Jouhara et al      

https://www.sciencedirect.com/science/article/pii/S245190

4918300015

Dependent on the 

process used. See 

individual description 

section 2 (H. Jouhara et al    

https://www.science

direct.com/science/a

rticle/pii/S2451904

918300015

N.A. N.A. N.A. N.A. N.A.

The use of thermodynamic cycles that employ organic working fluids enables a cost 

effective and promising way of energy recovery from

moderate grades of waste heat sources. Individual cost analysis is needed for specific 

technology selected. Table 1 (H. Jouhara et al. 2008) shows a summary of guidance 

information on applicability  and general comments on economic assesments.   

https://www.sciencedirect.com/science/article/pii/S2451904918300015

Dependent on Technology 

used

Dependent on 

Technology used
Dependent on Technology used
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S : DIFFERENT:  SEE ANNEXED 

TABLES (D 3.1)

P : DIFFERENT:  SEE ANNEXED 

TABLES (D 3.1)

The aim of this synergy is to 

recover steam and directly reuse it 

in nearby other industrial sites.

HEAT/STEAM 

RECOVERY
INDIRECT

STRANE METHODOLOGY

BEST PRACTICES
P = PT+T Steam distribution

Distribution systems carries steam from the available source to the points of end-use. Many distribution systems have 

several take-off lines that operate at

different pressures. These distribution lines are separated by various types of isolation

valves, pressure-regulation valves, and sometimes backpressure turbines.                                                            The direct use 

of recovered steam is used for process heating and stripping applications. In process heating, the steam transfers its 

latent heat to a process fluid in a heat exchanger. The steam is held in the heat exchanger by a steam trap until it 

condenses, at which point the trap passes the condensate into the condensate return system. The use on process 

heating includes drying all types of paper products. In fractionating towers, steam facilitates the separation of various 

components of a process fluid. In stripping applications, steam is used to extract contaminants from a process fluid. 

Steam is also used as a source of water for certain chemical reactions:  moderation of chemical reactions, fractionation of 

hydrocarbon components and as a source of hydrogen in steam methane reforming  heating. Other uses of steam 

include mechanical drive: turbines, pumps, compressors, etc. This is usually for large scale equipment, such as power 

generation, large compressors, etc. BREF ENE                                                                          

N.C

No dedicated technology is defined , but relevant requirements are advised in the technological context of steam utilization:    Effective distribution system performance requires a proper steam pressure balance, good 

condensate drainage, adequate insulation and effective pressure regulation. Steam distribution networks  are  often subject to water hammer or various types of corrosion. As a result, the reliability and lifespan of the 

different components also strongly depend on the design, the set-up and the maintenance of the installation. BREF ENE 

Within the distribution system, the condensate stream water of the system can be returned to a collection tank from where it is pumped to the deaerator, which strips out oxygen and non-condensable gases. Makeup 

water and chemicals can be added either in the collection tank or in the deaerator.

N.C

Due to the high operating pressure values in 

steam systems, safety is an extremely important

aspect in steam processes. Measures will deal 

with pressurized distributions networks.  BREF 

ENE 

Two main steam sources can be distributed: High pressure steam and Low pressure steam. The design of the distribution network will be so higly dependent on it.  Distribution 

Higher pressure steam has the following advantages: the saturated steam has a higher temperature; the volume is smaller, which means the distribution pipes required are 

smaller;  it is possible to distribute the steam at high pressure and to reduce its pressure prior to application. The steam thus becomes dryer and reliability is higher.

Lower pressure systems have the advantages: there is less loss of energy at boiler level and in the distribution system;  the amount of remaining energy in the condensate is 

relatively smaller;  leakage losses in the pipe system are lower; there is a decrease in scale build-up.. (BREF ENE )

P
Site/  Ext. facility/         

Receiver
N.A

The valorization rates of surplus steam will depend on 

its temperature and pressure, the distribution 

technology  used and the transport distance .             

BREF ENE YES

High thermal  

isolated pipes and 

pumping system. 

(Considered as BAT 

)

The piping should be properly sized, supported, insulated, and configured 

with

adequate flexibility. Pressure-regulating devices such as pressure-reducing 

valves and

backpressure turbines should be configured to provide a proper steam 

balance among the

different steam headers. Additionally, the distribution system should be 

configured to allow adequate condensate drainage, which requires 

adequate drip leg capacity and proper steam trap

selection. BREF ENE

YES BREF ENE

Widely used in many IPPC sectors, 

such as: power generation, all 

chemical sectors, pulp and

paper, food, drink and milk.

BREF ENE

As a baseline, all pipping operating at temperatures 

above 200 °C and diameters of more than 200 mm 

should be insulated and good condition of this 

insulation should be checked on a periodic basis (e.g. 

prior to turnarounds via IR scans of piping systems). 

In addition, any surfaces that reach temperatures of 

higher than 50 ºC where there is a risk of staff 

contact,

should be insulated. BREF ENE

GO X

To implement any of these measures, it is crucial to have 

relevant, quantified information and knowledge of fuel 

usage, steam generation and the steam network. (BREF 

ENE)

N.A. BREF ENE

YES               Mostly 

associated to pumping 

stages 

BREF ENE NA

Besides distribution 

network equipments no 

other necessary products 

were identified.

Associated to maintenance 

measures (such as 

minimising leaks).The 

information provided in 

BREF ENE refers rapid 

payback.

BREF ENE

Associated to the distribution network implementation. 

Distance, steam pressure and temperature will be main 

inputs for netwrk design. 

N.A.

Proper sizing at 

the design stage 

has a good 

payback within 

the lifetime of 

the system 

(BREF ENE)

N.A. N.A.
Dependent on Technology 

used
N.A.

Common steam system end-use 

equipment includes heat exchangers, 

turbines, fractionating

towers, strippers and chemical 

reaction vessels.

https://pdfs.semanticscholar.org/e77e/aad3c1ecb6cd5f62240d6e99bb01ce04f598.pdf
https://pdfs.semanticscholar.org/e77e/aad3c1ecb6cd5f62240d6e99bb01ce04f598.pdf
https://pdfs.semanticscholar.org/e77e/aad3c1ecb6cd5f62240d6e99bb01ce04f598.pdf
https://pdfs.semanticscholar.org/e77e/aad3c1ecb6cd5f62240d6e99bb01ce04f598.pdf
https://pdfs.semanticscholar.org/e77e/aad3c1ecb6cd5f62240d6e99bb01ce04f598.pdf
https://pdfs.semanticscholar.org/e77e/aad3c1ecb6cd5f62240d6e99bb01ce04f598.pdf
https://pdfs.semanticscholar.org/e77e/aad3c1ecb6cd5f62240d6e99bb01ce04f598.pdf
https://pdfs.semanticscholar.org/e77e/aad3c1ecb6cd5f62240d6e99bb01ce04f598.pdf
https://www.sciencedirect.com/science/article/pii/S2451904918300015
https://www.sciencedirect.com/science/article/pii/S2451904918300015
https://www.sciencedirect.com/science/article/pii/S2451904918300015
https://www.sciencedirect.com/science/article/pii/S2451904918300015
https://www.sciencedirect.com/science/article/pii/S2451904918300015
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https://www.sciencedirect.com/science/article/pii/S2451904918300015
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IDENTIFICATION COMPLEMENTARY INFORMATION

RESOURCE 

EXCHANGED

TYPE OF 

SYNERGY

PROCEDURE (P) = PRE TREATMENT (PT) + 

TECHNOLOGY (T) + POST TREATMENT (POT)
IDENTIFICATION

ENERGY/ 

MATERIAL/ 

WATER

DIRECT/          

INDIRECT
P=PT+T+POT (P/T) OPEX (range) REF CAPEX (range) REF ROI REF PBP REF

USEFULL 

LIFE
REF

6
BASIC OXYGEN 

FURNACE SLAG
SOLID

SILICIUM

ALUMINIUM

CALCIUM

IRON

S : STEEL

P : BASIC OXYGEN 

STEELMAKING AND CASTING 

MANUFACTURING

S : CEMENT

P : RAW MATERIALS 

PREPARATION

Recover and transport BOF slag as a 

silicium alumina and calcium supply

The aim of this synergy is to recover basic oxygen 

furnace slag and provide silicium, clacium and 

alumina for clinker raw material preparation and 

grinding cement mill.

MATERIAL EXCHANGE DIRECT

STRANE METHODOLOGY

BREF

BEST PRACTICES

P= PT+T
Iron oxide reduction and 

separation

Basic oxygen Furnace (BOF) slag could potentially be directly used as aggregates for concrete production. In order to improve the qualitty of the BOF slag as a suplementary cementicious 

material,  Hui Guo et al., 2018 proposes a technology to remove the iron oxides. This consists in adding a mixture of carbon powder and kaolin. The carbon powder was used as a reducing 

agent in order to promote the reduction of ferric oxides. Kaolin was used as a constituent regulator to improve the reactivity of the residue. After removal of the iron content, the remaining 

slag could be a product of interest for the cement industry

N.A.
BOF slag and additives are mixed and pelletized - Placed in crucibles and calcinated until 1500ºC with injection of Nitrogen - The iron 

converged to iron granules in the botom of the crucible - Quenching
NO

No post treatment is considered for the cement industry. 

Internal recycle of the recovered iron in the steelmaking 

industry is possible

This waste is characterized by its free lime, free magnesia and high iron contents (10-35 %). The iron content is problematic in the manufacture of 

cements thus receiving limited attention. In order to increase the possibility of further utilization of BOF slags as supplementary cementitious 

materials the iron content must be recovered with the possibility of being internally recycled (Phosphorous content must still be controlled) at 

the steel plant.  In general, only the steel slags with basicity (CaO/SiO21P2O5)>1.8 are considered to be used as cementitous material.  Metallic 

Ferrous content could be recovered using magnetic separators. However, it was not considered in the approach for this synergy.

T
Site 

preferentially
N.F. >95%

https://www.s

ciencedirect.c

om/science/ar

ticle/pii/S0921

34491730361

0

YES

Transportation of 

the slag without 

ferrous component 

is considered.

Road; Railroad
Slag is usually packed in bags of paper or jute. Avoid 

wetting
N.A.

YES

Due to the simplicity of the 

procedure involved, it is 

considered a promising 

procedure to be scaled up at 

industrial sites.

The proposed procedure makes BOF slags compliant with its use as raw 

material for cement production
GO X N.A. YES YES YES

1 ton of steel slag 

needs 0.41 tons of 

kaolin and 0.06 

tons of carbon 

powder

Associated to reagent 

costs ( Kaolin and carbon 

powder)

https://w

ww.scien

cedirect.c

om/scien

ce/article

/pii/S092

1344917

303610

Equipment investment: 

10.72 USD/ton of BOF slag; 

Water quenching treatment 

and griding cost: 413.6 

USD/ton of BOF slag

https://w

ww.scien

cedirect.c

om/scien

ce/article

/pii/S092

1344917

303610

N.A. N.A. N.A.

https://www.s

ciencedirect.c

om/science/ar

ticle/pii/S0921

34491730361

0

Economic benefit = 77.36 USD/ ton of BOF slag. The 

benefits obtained far outweigh that of direct sale

Derived from 

calcination 

procedure and 

transport

N.F.
Iron content of slag 

could be recovered

27 SLUDGE SOLID
CALCIUM

ALUMINIUM

S : STEEL

P : SINTER PLANTS 

MANUFACTURING

S : CEMENT

P : RAW MATERIALS 

PREPARATION

Sludge recovery for calcium and 

aluminium supply

The aim of this synergy is to recover calcium and 

aluminium from sinter plants sludges to provide 

cement raw material preparation.

MATERIAL 

EXCHANGE
DIRECT STRANE METHODOLOGY P N.A.

Current practices for sinter sludges direct use involve the internal recycling in the sinter plant. As far as this synergy is concerned, there are no reported uses of sinter plant sludges as a raw 

material for the cement industry. However, the cement industry  already contemplates the possibility of receiving slags (majority are derived from Blast Furnace process) which contain 

aluminium, calcium, lime, for use as raw material and the manufacture of several products. If the composition of sinter sludge is adequate for cement standards then it could be directly used. 

(BREF_NFM)

N.A. No specific technology is associated (BREF_NFM) N.A. N.A.
A pathway for the utilization of other type of residues could be opened and further studies to assess the viability of sinter plant sludges are 

suggested
P N.A. N.A. N.A. YES Road; Railroad N.F. NO

No reported utilizations of 

sinter sludge at any scale

Although the sinter sludge could potentially be used as a raw material for 

the cement industry due to the presence of important elements such as 

Calcium and Aluminium, the stability and presence of toxic compounds 

needs to be carefully evaluated.

NO GO X N.A. NO NO NO N.A. N.A. N.A. N.A. N.A. N.A. NA N.A. N.A. N.A.

30 SLAG SOLID

SILICIUM

ALUMINIUM

CALCIUM

S : STEEL

P : BLAST FURNACES 

MANUFACTURING

S : CEMENT

P : RAW MATERIALS 

PREPARATION

Recover and transport blast 

furnace slag as a silicium alumina 

and calcium supply

The aim of this synergy is to recover blast furnace slag 

to provide silicium alumina and calcium supply to 

cement sector for clinker raw material preparation.

MATERIAL 

EXCHANGE
DIRECT

STRANE METHODOLOGY

BREF

BEST PRACTICES

P
BF slag valorization in cement 

industry 

Blast furnace slag is  Granulated (rapid cooling quenching) in water, to produce Ground-Granulated Blast-Furnace slag. Product is then dried and ground into fine powder. The cooling of the slag 

is a critical process in order to ensure good phase distribution and physical and chemical properties (Hot-stage encineering).
N.A. N.A. N.A. N.A.

Blast furnace slag after granulation and grinding finds extensive use in cement and concrete production. Blast furnace slag exhibits an amorphous 

structure andthe main constituents being lime (CaO), silica (SiO2), Alumina (Al2O3), and magnesia (MgO). Ground -granulated-Blast furnace-slag 

have been widely used in the production of cements therefore Blast-furnace slag can be considered as a supplementary cementitious material 

successfully replacing a portion of portland cement. However, careful technical appraisal of each source of slag would be required. Criteria for 

slag quality do exist

P

Granulation 

must be 

performed at 

Blast Furnace 

site

N.A. N.A. YES Road; Railroad
If transported by road or rail, slag is usually packed in 

bags of paper or jute. Avoid wetting
N.A. YES

https://www.science

direct.com/science/a

rticle/abs/pii/S09500

6181730822X

Blast furnace slag constitutes a current practice for the utilization in the 

ciment industry.
GO X

Chemical and mineralogical analysis to 

determine the composition of the by-

product

NO
YES           Grinding 

and drying
YES N.A. N.F. N.A. N.A. N.A. N.A.

The necessary equipment for slag granulation is 

almost likely already present in a Iron and Steel 

production plant. Grinding could either be 

performed at the steel site or the cement production 

site. Cement industry  already has the necessary 

equipment for grinding thus being the better 

approach. Additional storage for blast furnace 

cement is required. 

https://www.sciencedirect.com/science/article/abs

/pii/0301420775900306

Derived from 

transport and 

electricity 

comsumption

N.F. N.F.

35 EAF SLAG SOLID

SILICIUM

ALUMINIUM

CALCIUM

S : STEEL

P : ELECTRIC ARC FURNACE 

STEELMAKING AND 

CASTING 

MANUFACTURING

S : CEMENT

P : GRINDDING CEMENT 

MILL

Recover and transport EF slag as a 

silicium alumina and calcium 

supply

The aim of this synergy is to recover and transport EAF 

slag to provide a silicium alumina and calcium supply 

to grinding cement mill.

MATERIAL 

EXCHANGE
DIRECT

STRANE METHODOLOGY

BREF

BEST PRACTICES

P
EAF slag valorization in cement 

industry 

EAF slags could be used directly as aggregrates for concrete or as admixture for portland cement production although with limited uses. Local conditions, different manufacturing practices, 

and scrap metal variations could also affect significantly the chemical composition of the produced slag,  therefore application should be carefully considered.The slag is air-cooled and 

Ferrous metal content is usually retrieved before shipping the EAF to final users. This is a common procedure before shipping the slag to any final destination. For this reason this procedure 

was considered out of the technological scope of this synergy

N.A. No technology besides the cooling process and magnetic separation is required for EAF slag utilization as aggregrates in cement industry N.A. N.A.

 EAF slag is regarded as a weak portland cement clinker in comparison with portland cement due to its lower C3S composition . Utilization as 

aggregrates in concrete production is also possible for which there are requirements to be fulfilled in regard to the utilization of this residues in 

the concrete making process, all related to volume stability which depends on the free lime content of the slag  .  The same study also reports 

enviromental stability of the product with minimal leaching and fulfilling the requirements of the relevant european standards for concrete.

P N.A. N.A. N.A. YES Road; Railroad
Slag is usually packed in bags of paper or jute. Avoid 

wetting
N.A. YES

No technology is required for direct use of EAF slags in cement industry. 

However applciations are more limited compared to Blast Furnace slags
GO X

Chemical and mineralogical analysis to 

determine the composition of the by-

product

NO NO NO N.A. N.F. N.A. N.A. N.A. N.A.

No capital expenditures for the producer. Possibiloty 

to reduce process cost 

(https://www.researchgate.net/publication/597212

3_Utilization_of_steel_slag_for_Portland_cement_cli

nker_production)

Derived from 

transport
N.F. N.F.

7 GYPSUM SOLID GYPSUM
S : INORGANIC CHEMICALS

P : SULPHATE PROCESS

S : CEMENT

P : GRINDDING CEMENT 

MILL

Recover Gyspum from sulphate 

process and treat it to be 

compliant with standard gyspum 

used in grinding cement mill. A 

technology is required for red 

gypsum.

The aim of this synergy is to recover gypsum as an 

inorganic chemical solid waste from sulphate process 

to provide grinding cement mill in cement sector

MATERIAL EXCHANGE
DIRECT / INDIRECT 

FOR RED GYPSUM

STRANE METHODOLOGY

BREF
P

Red Gypsum valorization for 

cement prodution

Natural gypsum is added during grinding of portland cement as a cement retarder. Red Gypsum could potentially substitute natural gypsum as a raw material in the production of cements 

and mortars. Best results were obtained incorporating up to 10% of Red Gypsum with clinker while complying with all quality requirements.  Could require specific handling depending on level 

of moisture

N.A. No technologies associated. Red Gypsum composition does not hamper its direct utilization in the cement industry NO N.A.

Gypsum is available in two forms. White Gypsum being gypsum in its pure form has good commercial viable and could be sold as a raw material for 

the cement industry. On the other hand, Red Gypsum (RG) also contains stabilized metal hydroxides, mainlyy Iron. Although there are reports of its 

utilization in agriculture, in the majority of cases there is no specific utilization nor commercial valuable associated with the RG  ending up in 

landfill. Moreover, BREF_LVIC_S document also reports that it can be used in the cement industry even though no details are given. The study 

analyzed the possibility of using  RG as a substitute for natural gypsum in the production of cement. Furthermore the re-use of this gypsum diverts 

it from landfill and also reduces the need to mine natural gypsum and the associated environmental impact this creates.

P N.A. N.A.

All Red gypsum could 

potentially be directed to 

this receiver sector

YES

Similar to  natural 

gypsum 

transportation

Conveyors for 

nearby facilities. 

Otherwise road or 

railroad

Do not stow near goods liable to be damaged by 

moisture or dust. Gypsum requires dry stowage and 

must not be handled during precipitation.

N.A. YES. 

https://www.science

direct.com/science/a

rticle/pii/S09589465

12002399

Red Gypsum can be a safe substitute for natural gypsum without decreasing 

the quality of the produced cements
GO X

Could require specific handling depending 

on level of moisture. Chemical and 

mineralogical analysis to determine the 

composition of the by-product

NO NO NO N.A. N.F. N.A. N.A. N.A. N.A.
Potential savings from partial replacement of 

natural gypsum due to lower costs of Red Gypsum

Derived from 

transport
N.F. N.F.

8 GYPSUM SOLID GYPSUM
S : COMBUSTION PLANT

P : COAL COMBUSTION

S : CEMENT

P : GRINDDING CEMENT 

MILL

Recover Gyspum from coal 

combustion process process and 

treat it to be compliant with 

standard gyspum used in grinding 

cement mill

The aim of this synergy is to recover gypsum as an 

combustion plant solid waste from coal combustion 

to provide grinding cement mill in cement sector

MATERIAL 

EXCHANGE
DIRECT

STRANE METHODOLOGY

BREF
P

FGD gypsum valorization for 

cement industry

Natural gypsum is added during grinding of portland cement as a cement retarder. Flue-gas desulphurization (FGD) process for emission control of coal combustion plants generate artificial 

gypsum. FGD gypsum can be used as a substitute for natural gypsum. Additionally, Hui et al., 2011  found little difference on the working performance of concrete and with no negative 

influence on the mechanical strenth and admixture adaptability of concretes. However, according to industrial scale estimations, the high moisture content of FGD gypsum could cause 

handling and feeding problems when it is used in large percentages .                                                                                                                              

N.A.
A technology could be associated in order to improve the handling of gypsum. A high pressure system could be proposed to prevent 

clogging of feeder bins and operational problems induced by the use of FGD gypsum
NO N.A.

FGD gypsum is generally more difficult to handle due to high moisture levels which could clog the equipment. Chemical composition of natural 

gysum and FGD gypsum are very similar, with content of CaSo4.H20 being overall higher than natural gypsum. DIfferences are in the physical 

properties such as particle size and presence of impurities

P N.A. N.A.

All FGD gypsum could 

potentially be directed to 

this receiver sector

YES

Similar to  natural 

gypsum 

transportation

Conveyors for 

nearby facilities. 

Otherwise road or 

railroad

Do not stow near goods liable to be damaged by 

moisture or dust. Gypsum requires dry stowage and 

must not be handled during precipitation.

N.A. YES BREF_CLM

BREF_CLM document already considers the use of FGD gypsum as a raw 

material. A technology is proposed to improve the handling of FGD gypsum 

during manufacturing operations

GO X

Could require specific handling depending 

on level of moisture. Chemical and 

mineralogical analysis to determine the 

composition of the by-product

NO NO NO N.A. N.F. N.A. N.A. N.A. N.A.
Costs associated with implementation of equipment 

modifications to improve gypsum handling

Derived from 

transport
N.F. N.F.

50
LIMESTONE 

FINES

SOLID - PART OF 

EMISSIONS
LIMESTONE FINES

S : INORGANIC CHEMICALS

P : SOLVAY PROCESS

S : CEMENT

P : RAW MATERIALS 

PREPARATION

Recover limestone of limestone 

fines

The aim of this synergy is to recover limestone fines 

from solvay process to provide raw material 

preparation in cement industries.

MATERIAL 

EXCHANGE
DIRECT

STRANE METHODOLOGY

BREF
P

Limestone fines valorization for 

cement production

Since the composition of limestone fines is the same as, or close to, raw limestone, this material can be used without any restriction for cement manufacturing (BREF_LVIC-s). Potentially uses 

include the substitution of raw limestone in clinker production.
N.A. No specific technology is associated N.A. N.A.

Limestone fines can be used as a substitute for natural substitute in the production of clinker. Gudissa and Abebe, 2010 pointed numerous 

advantages such as increased cement productivity, reduced production cost and CO2 and NO2 emissions per ton of cement produced.
P N.A. N.A.

All limestone fines could 

potentially be directed to 

this receiver sector

YES Road; Railroad Similar to limestone transport N.A. YES
Limestone fines could potentially be used directly in the manufacture of 

cement products and substitute natural raw materials.
GO X N.A. NO NO NO N.A. N.F. N.A. N.A. N.A. N.A.

https://www.a

jol.info/index.

php/zj/article/

view/120814

Reduced production costs due to lower raw material 

utilization

Derived from 

transport
N.F. N.F.

25 LIME SOLID CALCIUM

S : FOOD DRINK AND MILK 

INDUSTRIES

P : SUGAR BEET

S : CEMENT

P : RAW MATERIALS 

PREPARATION

Lime recovery for calcium supply

The aim of this synergy is to recover lime from sugar 

beet production process to provide cement raw 

material preparation.

MATERIAL 

EXCHANGE
DIRECT

STRANE METHODOLOGY

BREF
P

Lime valorization for cement 

production

Sugar factory lime is already acknowledge as a valuable waste material for the production of cement (BREF_FDM). Reported utilizations involve the admixture of sugar lime sludges with 

portland cement and in the production of foam concrete.
N.A. No specific technology is associated N.A. N.A.

Current utilizations of lime sludge from sugar beet prodution are as a soil amendment to stabilize soil pH and to improve soil structure. Other less 

pronounced uses are as a fertilizer and as an additional material in cement production and foam concrete production. There are also reports that 

some companies (albeit outside of Europe) dump their lime wastes.

P N.A. N.A.

All lime sludge could 

potentially be directed to 

this receiver sector

YES

Road; Railroad and 

Containers. 

Conveyors if 

facilities are nearby

Care should be taken controlling dust emissions N.A. YES Sugar sludges could potentially be used drectly for cement production GO X N.A. NO NO NO N.A. N.F. N.A. N.A. N.A. N.A.
Reduced production costs due to lower raw material 

utilization

Derived from 

transport
N.F. N.F.

26 LIME SOLID CALCIUM

S : PRODUCTION OF PULP 

PAPER AND BOARD

P : THE KRAFT PULPING 

PROCESS

S : CEMENT

P : RAW MATERIALS 

PREPARATION

Lime recovery for calcium supply

The aim of this synergy is to recover lime from kraft 

pulping process in pulp and paper production sector 

to provide cement raw material preparation.

MATERIAL 

EXCHANGE
DIRECT

STRANE METHODOLOGY

BREF
P

Lime valorization for cement 

production

Lime slurries are acknowledged as a valuable waste material for the prodution of cement (BREF_CLM). Just as synergy 25, lime sludges from the kraft process could be admixtured for cement 

production. There are also reports on the utilization as filler or aggregate for concrete. 
N.A. No specific technology is associated. N.A.

Composition of Lime sludges from pulp and paper industry 

are very similar to Lime sludges from food industry

Maheswaran et al, 2011 reported that up to 10% of sludge in the mix could be used in concrete production without negatively affectingy the 

mechanical properties.
P N.A. N.A.

All lime sludge could 

potentially be directed to 

this receiver sector

YES 

Road; Railroad and 

Containers. 

Conveyors if 

facilities are nearby

Care should be taken controlling dust emissions N.A. YES

Aceptance of this waste by the cement industry could be decided depending 

o nthe application. Having in mind the limitations on the mechanical 

strength

GO X
Chemical analysis to determine the exact 

composition of the by-product.
NO NO NO N.A. N.F. N.A. N.A. N.A. N.A.

Reduced production costs due to lower raw material 

utilization

Derived from 

transport
N.F. N.F.

28 SAND SOLID SAND

S : FOOD DRINK AND MILK 

INDUSTRIES

P : STRACH

S : CEMENT

P : RAW MATERIALS 

PREPARATION

Sand recovery

The aim of this synergy is to recover sand from food 

and drink industries and provide cement sector raw 

material preparation.

MATERIAL 

EXCHANGE
DIRECT

STRANE METHODOLOGY

BREF
P

Sand valorization for concrete 

production

Portland cement concrete requires sand with a silica content of at least 80 percent . The presence of other minerals such as iron and aluminium oxides are also important. The majority of 

reported publications of waste sand are concerning spent foundry sands which can effectively be used for concrete production. If the composition of sands resulting from starch production 

are compliant with concrete production then it can be used as a substitute for natural sand.

N.A. No specific technology is required N.A. N.A.

If the composition of sand from food industry is adequate for cement industry standards then synergy could be implemented. As an  example, the 

composition of spent foundry sand, which is already considered as a substiture for natural sand in concrete production, consists of 85-95% silica, 

0-12% clay, 2-10% carbonaceous additives, and 2-5% water. There is also presence of metal oxides

P N.A. N.A.

All starch sands could 

potentially be directed to 

this receiver sector

YES. Road; Railroad
Care should be taken controlling dust emissions. 

Shipped in big bags or in bulk
N.A.

No reported utilizations of 

sand from starch production in 

cement industry

Even though no reported utiliations were found, this synergy seems possible 

in case the sands meets the requirements for the cement industry
GO X

Chemical and physical (granulometric) 

analysis to determine the exact composition 

of the by-product. Grade analysis. Silt 

content must be controlled (< to 8%)

NO NO NO N.A. N.F. N.A. N.A. N.A. N.A.
Potential savings from partial replacement of 

natural sand

Derived from 

transport
N.F. N.F.

29 RED MUD SOLID IRON

S : NON FERROUS METALS 

INDUSTRIES

P : ALUMINA PRODUCTION

S : CEMENT

P : RAW MATERIALS 

PREPARATION

Red mud recovery for Fe supply

The aim of this synergy is to recover red mud, as a by-

product of alumina production, and provide cement 

sector for clinker raw material preparation.

MATERIAL 

EXCHANGE
DIRECT

STRANE METHODOLOGY

BREF
P

Red mud  valorization for clinker 

production

Red mud can be directly utilized for cement production.. Its chemical composition is mainly composed of Fe2O3 and Al2O3 as well as some silica, rendering it suitable as a raw material for the 

preparation of cement clinkers. Hoewever, only a small amount of red mud is being currently utilized in the cement industry due to transport costs and high alkalinity of red mud despite being 

able to produce good quality cements with good physical properties and excellent mechanical properties

N.A. No specific technology is associated N.A.
Red mud contains dicalcium silicate, one of the main phases 

in cement clinker. 

Current practices for red mud valorization include cement production, road construction, brick production, landfill restoration, and soil 

amelioration. Attention sould be given if other secondary waste materials are already replacing other raw materials. The color of red mud has 

also to be considered as a potential constraint , especially when red mud is added in a large percentage.

P N.A. N.A.

All red mud could 

potentially be directed to 

this receiver sector

YES

Road; Railroad; 

Pipeline; Belt 

Conveyor

No relevant information was found N.A.

YES

There are industrial sites 

already producing cement 

using red mud as a raw 

material

Utilization of red mud 

in cement

production: a review

Red mud can be used as a raw material for clinker production GO X
Chemical and physical analysis to determine 

the exact composition of the by-product.
NO NO NO N.A. N.F. N.A. N.A. N.A. N.A. Decreases production cost of cement

Derived from 

transport
N.F. N.F.

79 TAR LIQUID TAR

S : ORGANIC_CHEMICALS

P : 

STYRENE_MANUFACTURIN

G_BY_DEHYDROGENATION

S : CEMENT

P : BURNING
Recover tar for burning

The aim of this synergy is to recover tars from styrene 

manufacturing by dehydrogenation and provide 

cement and clinker kiln for burning.

COMBUSTIBLE DIRECT
STRANE METHODOLOGY

BREF
P Tar Recovery Tar is recovered from the bottom of the vacuum distillation column from styrene manufacturing by dehydrogenation and storage. Tar can be sent directly to cement sector for burning. N.A. N.A. NO N.A.

Tar from styrene manufacturing is a mixture of polystyrene (PS), high boilers, aromatics (formed in the dehydrogenation), C9 aromatics (mostly α-
methylstyrene) and styrene, plus flux oil (the residue of the ethylbenzene distillation). Tar is isolated (separated from the product) in the 

fractionation section downstream of the reaction section. The amount of tar that is produced: up to 12.9 kg/tonne of Syterene Monomer.

P N.A. N.A.

All tars could potentially be 

directed to this receiver 

sector

YES Road; Railroad
Tar is a high-boiling point, viscous, reactive material 

that can foul equipment under certain conditions.
N.A. YES BREF_LVOC Tars from styrene production can be reused as a fuel in cement sector. GO X N.A. YES BREF_LVOC YES BREF_LVOC NO BREF_LVOC

Polymerisation 

inhibitor (usually a 

phenol)

BREF_LVO

C
N.F.

The main cost are 

transportation and storage.
N.A. N.A. N.A. N.A. N.F. N.F.

Hydrogen ,N2, CO2, 

CO, CH4, C2H4, 

C2H6, Benzene, 

Toluene

80
SPENT 

SOLVENTS
LIQUID SPENT_SOLVENTS

S : ORGANIC_CHEMICALS

P : 

STYRENE_MANUFACTURIN

G_BY_HYDROGENATION

S : CEMENT

P : BURNING
Recover spent solvent for burning

The aim of this synergy is to recover spent solvents 

from styrene production and provide cement and 

clinker kiln for burning.

COMBUSTIBLE DIRECT
STRANE METHODOLOGY

BREF
P Spent Solvent Recovery

The Spent solvent is collected in the last steps of styrene production by ethylbenzene dehydrogenation and then need to be treated before going to cement sector. The spent solvent has to be 

homogeneised first passing through a fluidification process. A stirring propeller or a recirculation system is used in order to keep the wastes homogeneous. Before loading, the liquid is 

filtered. 

N.A. N.A. YES/ NO

Some parameters such as pH and viscosity can be controlled 

continuously in the process. If the quality does not meet the 

specifications, the waste fuel is reprocessed before being 

transferred to the storage unit.

Solvents are used for scrubbing the reaction off-gases to reduce the hydrocarbon content of the H2-rich purge. The stability and the quality of 

combustion of the waste fuel depend directly on both its homogeneity and the size of the solids in suspension. The storage facility is generally 

composed of vertical cylindro-conical tanks with blending equipment, which are inerted and equipped with a VOC abatement device. The amount 

of spent solvents that is obtain are  1.2–6 kg/tonne of Styrene Monomer.

P N.A. N.A.

All recovered spent solvent 

could potentially be 

directed to this receiver 

sector

YES Road

The loading of the trucks is carried out with all the 

security systems necessary. Dispatching to the 

customer is carried out by a truck loading station.

N.A. YES BREF_LVOC Spent solvents could be sent to incineration and co-incineration plants. GO X N.A. NO BREF_WT YES BREF_WT NO BREF_WT N.A. N.F.

The main costs are in the 

tretament of the spent 

solvent.

N.A. N.A. N.A. N.A. N.F. N.F. Benzene, Toulene

86 CARCASE SOLID CARCASE

S : 

SLAUGHTERHOUSES_AND_

ANIMAL_BY_PRODUCTS_I

NDUSTRIES

P : 

POULTRY_SLAUGHTER_PR

OCESS

S : CEMENT

P : BURNING

Recover and transport carcasse 

to cement plants

The aim of this synergy is to recover carcasse from 

slaughterhouses and provide burning operation in 

cement industries. This synergy refers to poultry 

carcase valorisation but can be applied for others 

animals carcases.

COMBUSTIBLE DIRECT

STRANE METHODOLOGY

BREF

BEST PRACTICES

P Recovery carcases
The discardable parts of the poultry (carcase) are collected and sent to cement sector for burning. Animal carcases and parts of carcases may be reduced in size to increase the surface area 

and to facilitate burning. Incineration is the thermal destruction of carcasses by auxiliary fuel such as propane, diesel or natural gas.
N.A.

Commercial units are available with oil or gas burners and usually are equipped with automatic timers to ensure proper burn. Smoke 

discharge stacks for such equipment also may be fitted with after-burning devices that recycle fumes to complete gas combustion and 

diminish odors.

NO N.A.

Animal meal varies in terms of its calorific value, particle size range, fat and moisture content. Incineration is recognized as one of the biologically 

safest methods of disposal, eliminating the threat of disease. Meat and Bone Meal (MBM) is brown in colour, weighs approximately 600 kg/m3 and 

has an intense sweet odour. It is a highly calorific, easily flammable fuel. In common with all installations handling, storing or processing animal 

by-products odour is a potential problem. 

P N.A. N.A.

All the carcases that are 

collected can be used for 

incineration

YES
Road; Railroad and 

Containers

The spread of pathogenic microorganisms during 

transport is a significant concern. Containers should be 

clean, disinfect, and dry, before and after every use. 

Emerging methods for disposal of poultry 

carcasses—including acid or base preservation, lactic 
acid fermentation, and yeast fermentation may be used 

for safe and realistic on farm storage.

N.A. YES BREF_SA

The incineration of MBM, in particular has, therefore, developed into a 

relatively large scale activity since the use of animal proteins in animal feed 

was banned. Some MSs co-incinerate MBM and other animal meals in 

municipal waste incinerators, hazardous waste incinerators, sewage sludge 

incinerators, coal-fired power stations, cement works, gasification plants 

and residue incinerators in paper plants.

GO X N.A. NO BREF_SA YES BREF_SA NO BREF_SA N.A.

The main costs are 

transport and cleaniless of 

the tanks.

The main cost is tanks to 

store the animal carcases.
N.A. N.A. N.A. N.A. N.F.

Potential emissions to air commonly 

associated with the incineration of animal 

carcases include particulate matter; 

hydrogen chloride; oxides of sulphur, 

nitrogen and carbon and organic 

compounds, such as dioxins.

N.F.

4
COKE 

RESIDUES
SOLID COKE

S : ORGANIC CHEMICALS

P : STEAM CRACKING

S : STEEL

P : SINTER PLANTS 

MANUFACTURING

Recover pure coke

The aim of this synergy is to recover pure coke from 

steam crackers cleaning flows and provide sinter 

plants in steel sector. 

MATERIAL 

EXCHANGE
DIRECT INDUSTRIAL PARTNER SOURCE P

Coke recovery from Decoking of 

the cracker tubes

During steam cracking the internal walls of the cracker tubes (radiant coils) gradually become coated with coke during the cracking process. The decoking of the cracker tubes must be done 

periodically to remove the coke. It's in this step that the coke is collect and cooled to send to sinter plants. 
N.A. N.A. NO

A raw material preparation is done before the coke enter in 

the Blast furnance. Selection, arrangement and 

pretreatment of raw materials which possess the physical 

and metallurgical characteristics and gas permeability 

required for efficient blast furnace operation. 

The coke can be use directly in a sinter plant,  in case of small particule, or blast furnace plants. Coke breeze (small-grade coke with particle sizes 

of <5 mm) is the most commonly used fuel for the sintering process. The coke enter into the furnace via a sealed charging system which isolates 

the furnace gases from the atmosphere. This system is necessary because blast furnace pressure exceeds atmospheric pressure.

P Site N.A.

All recovered coke could 

potentially be directed to 

this receiver sector

https://www.a

pi.org/~/media

/Files/Oil-and-

Natural-

Gas/Refining/A

PI-guidance-

doc-storage-

handling-

petroleum-

coke.pdf

YES
Road; Railroad and 

Containers

Clean and dry as relevant to the hazards of the cargo. 

This cargo shall not to be loaded when the temperature 

of this cargo exceeds 107 degree C. Loading in good 

weather and shall stop if rain, slip coat need to use for 

protecting the hold. Configurations for conveyor 

systems used to transfer petcoke include uncovered, 

covered, enclosed, half-moon, or tube styles.

N.A. YES BREF_LVOC The coke can be reused in the receiver sector. GO X NO NO NO NO

The mais costs are the 

transport and the storage 

of the coke.

N.A. N.A. N.A. N.A. N.A. N.F. N.F. N.F.

14 COKE SOLID COKE

S : ORGANIC CHEMICALS

P : VYNIL CHLORIDE 

MONOMER 

MANUFACTURING

S : STEEL

P : BLAST FURNACES 

MANUFACTURING

Recover pure coke or recover 

coke residues

The aim of this synergy is to recover coke from vynil 

chloride monomer manufacturing and provide blast 

furnace in steel industries.

MATERIAL 

EXCHANGE
DIRECT STRANE METHODOLOGY P Coke Recovery from EDC cracking

Coke is formed by the thermal cracking of EDC and may contain residual chlorinated hydrocarbons, but is free of PCDD/F. Coke is removed from the cracked gas with liquid EDC in a quench 

column, the coke-containing stream may then be filtered. The coke is recovered and storage to be sent to Blast furnace. 
N.A. During normal operation, coke is removed from the VCM, e.g. by filtration or by sedimentation. NO

A raw material preparation is done before the coke enter in 

the Blast furnance. Selection, arrangement and 

pretreatment of raw materials which possess the physical 

and metallurgical characteristics and gas permeability 

required for efficient blast furnace operation. 

The coke can be use directly in blast furnace plants. The coke enter into the furnace via a sealed charging system which isolates the furnace gases 

from the atmosphere. This system is necessary because blast furnace pressure exceeds atmospheric pressure.
P Site N.A.

All recovered coke could 

potentially be directed to 

this receiver sector

YES
Road; Railroad and 

Containers

Clean and dry as relevant to the hazards of the cargo. 

This cargo shall not to be loaded when the temperature 

of this cargo exceeds 107 degree C. Loading in good 

weather and shall stop if rain, slip coat need to use for 

protecting the hold. Configurations for conveyor 

systems used to transfer petcoke include uncovered, 

covered, enclosed, half-moon, or tube styles.

N.A. YES BREF_LVOC

The coke can be reused in the receiver sector, but there is no information 

available with an example of a blast furnace plant that already reuses coke 

from vinyl chloride production.

GO X NO NO NO NO

The mais costs are the 

transport and the storage 

of the coke.

N.A. N.A. N.A. N.A. N.A. N.F. N.F. N.F.

15 LIME SOLID LIME

S : PRODUCTION OF PULP 

PAPER AND BOARD

P : THE KRAFT PULPING 

PROCESS

S : STEEL

P : ELECTRIC ARC 

FURNACE STEELMAKING 

AND CASTING 

MANUFACTURING

Recover lime from kraft pulping 

process and treat it to be 

compliant with standard lime 

used in electrcal arc furnace

The aim of this synergy is to recover lime from kraft 

pulping process in pulp and paper production sector, 

and provide electrical arc furnaces for steel 

manufacturing.

MATERIAL 

EXCHANGE
DIRECT STRANE METHODOLOGY P

Lime valorization as a flux 

material

Lime sludges could potentially be used directly in the steel scrap melting industry as a substitute for limestone. However, limestone used for metallurgical purposes requires a minimum of 

95% of carbonates  which limits the applicability of lime sludges for this purpose.
N.A. No specific technology is associated. NO

 Lime sludges from kraft pulping proces contain calcium 

carbonate which could be used to substitute lime as a raw 

material for EAF steel scrap melting if the required 

standards are met

Limestone and/or dolomite is added during the process of steel scrap melting as a slag forming material.  Kraft pulp lime sludges utilizations were 

found predominantly in the agriculture, cementicious materials production, and as a reagent for wastewater treatment processes and sewage 

sludge stabilization. Reports CaO compositions ranging from 70-93% while the reported metal oxides composition from the same study are:  SiO2 

2-8%, Al2O3 0.8-5%, MgO 0.2-10%, and Fe2O3 0.8-2.5%. However reports CaO as low as 50%.

P N.A. N.A.

All lime sludge could 

potentially be directed to 

this receiver sector

YES 

Road; Railroad and 

Containers. 

Conveyors if 

facilities are nearby

Care should be taken controlling dust emissions N.A.

At the moment there are no 

reported utilizations  in this 

synergy scenario

Due to the high requirements for limestone grade in Steelmaking industry, 

the implementation of this synergy is limited by the composition of the Lime 

sludge

NO GO X

Chemical analysis to determine the exact 

composition of the by-product. Phosphoros 

quantities must be cntrolled

NO NO NO N.A. N.A. N.A. N.A. N.A. N.A.
Potential savings from partial replacement of 

limestone with lime sludge

Derived from 

transport

Possibility of increased number of solid 

residues (slag) in steel melting process 

derived from lower raw material purity

N.A.

34 BOTTOM ASH SOLID FERROUS-METALS
S : COMBUSTION PLANT

P : COAL COMBUSTION

S : STEEL

P : PELLETISATION 

PLANTS 

MANUFAACTURING

Recover bottom ash and use it as 

a ferrous metals source

The aim of this synergy is to recover waste 

incineration bottom ash to provide pelletisation 

plants in steel sector.

MATERIAL 

EXCHANGE
DIRECT

STRANE METHODOLOGY

BREF
P

Bottom ash valorization for 

pelletizing plant

There are no reported utilziations of bottom ash as a feedstock for iron pelletizing operations. Due to high requirements of this industry, the material may not be suitable for use in pelletizing 

operations. Beneficiation treatment of bottom ash may render this waste suitable for use, however, studies should be performed to evaluate the techno-economic feasibility of feeding 

bottom ash to beneficiation processes.

Beneficiation treatment N.A. N.A. N.A.

High grade Iron ores (60-70% Fe) are used as feed for the pelletization process. Low-grade ores (40% Fe) requires a beneficiation process in order 

to increase the quality and Iron content of the feed of the pelletizing plant. The Iron content of the bottom ash (4-8%) limits the utilization of this 

waste as a feed for the pelletization plant even when considering a beneficiation process. The development of new technologies for processing of 

iron-bearing wastes are advised.

P N.A. N.A. N.A.

YES

Coal combustion by-

products 

transportation

Road; Railroad and 

Containers 

(Collapsible 

intermodal 

containers)

The cargo is non-combustible or has a low  fire-risk. 

The transportation of coal combustion by-proocuts 

requires special attention to fugitive dust emissions.

N.A.

No reported utilizations of 

bottom ash as a feed for 

pelletizing plant operations

Even though a beneficiation treatment may be implemented, bottom ash 

low iron content seems unsuitable for use in pelletizing plant operations.
NO GO X

Chemical and mineralogical analysis to 

determine the exact composition of the by-

product.

NO NO NO N.A. N.A. N.A. N.A. N.A. N.A. NA
Derived from 

transport
NA NA

11 LIME SOLID LIME

S : FOOD DRINK AND MILK 

INDUSTRIES

P : SUGAR BEET

S : INORGANIC 

CHEMICALS

P : CALCIUM CARBIDE 

MANUFACTURING

Recover lime from sugar 

production process and treat it to 

be compliant with standard lime 

used in clacium carbide 

production.  

The aim of this synergy is to recover lime used as 

cleaning element in sugar production from beet in 

food and milk industries, and provide inorganic 

chemical industries which produce calcium carbide.

MATERIAL 

EXCHANGE
DIRECT

STRANE METHODOLOGY

BREF
P

Lime valorization for calcium 

carbide production

Lime sludges could potentially be used directly in the manufacture of calcium carbide, however due to stringent requirements in the Raw material (lime) the feedstock is carefully selected for 

their low content of metal oxides (Si, Al, Mg, and Fe) which could hamper further operations (BREF_LVIC_S). Therefore Lime sludges utilization as a raw material in the manufacture of calcium 

carbide is highly dependant on its composition.

N.A. No specific technology is associated N.A. N.A.

 No utilization precedents were found for sugar lime sludge in the calcium carbide manufacturing process. However the composition of sugar lime 

sludge could potentially be compliant with its utilization if metal oxide compositions are withing acceptable limits for calcium carbide 

manufacturing

P N.A. N.A.

All lime sludge could 

potentially be directed to 

this receiver sector

YES

Road; Railroad and 

Containers. 

Conveyors if 

facilities are nearby

Care should be taken controlling dust emissions N.A.

At the moment there are no 

reported utilizations  in this 

synergy scenario

Highly dependant on metal oxide composition. If composition is in 

accordance with receiver requirements then the synergy can be applied. On 

the other hand, in case of unncompliant composition complemmentary 

treatments might be needed

NO GO X

Chemical analysis to determine the exact 

composition of the by-product. Metal oxide 

quantities must be controlled

NO NO NO N.A. N.A. N.A. N.A. N.A. N.A.
Potential savings from partial replacement of 

limestone with lime sludge
NA NA NA

12 SALT SOLID SALT

S : NON FERROUS METALS 

INDUSTRIES

P : SALT SLAG

S : INORGANIC 

CHEMICALS

P : SODIUM CHLORATE 

PRODUCTION

Recover salt from salt slag and 

treat it to be compliant with 

standard salt required for sodium 

chlorate production

The aim of this synergy is to recover salt from non 

ferrous metals salt slag and provide inorganic 

chemical industries which produce sodium chlorate

MATERIAL 

EXCHANGE
DIRECT

STRANE METHODOLOGY

BREF
P

Recover solution with NaCl from 

partial recycling of salt slag

To recover NaCl to send to Sodium chlorate production is necessary to apply a partial recycling to salt slag. One of the partial recycling of salt slag (part of a fertiliser production plant) only 

recovers KCl and Aluminium granules. In this case, only the KCl content (10–20 % in typical salt slag) is recycled as salt product. The water-soluble NaCl content (20–40 % in typical salt slag) 
remains in the leaching. This solution is send to sodium chlorate production.

N.A. N.A. NO

The solution with NaCl could be sent directly to sodium 

chlorate production, due to the brine purification that is 

done before the flow enter to electrolysis.

The process follows the same stages as the full recycling process, but not all of the components of the salt slag are recovered. P Site/Ext. facility N.A. Almost 100% is recovered BREF_NFM YES Road; Railroad

Wash thoroughly after handling. Avoid breathing dust, 

vapor, mist or gas. N.A. YES BREF_NFM
This operation only can be considered in plants that have partial recycling of 

salt slag.
GO X N.A. YES BREF_NFM YES BREF_NFM YES BREF_NFM

Consumption of 

stabiliser 

(blending), which 

involves an 

increase of 

approximately 40 

wt-% in the residue 

generated.

N.F.

The treatment costs are 

similar to disposal costs but 

avoid 'future liability'

N.A. N.A. N.A. N.A. N.F.
Emissions of dust, ammonia, phosphane 

and hydrogen sulphide.
N.F.

13 SALT SOLID SALT

S : SLAUGHTERHOUSES 

AND ANIMAL BY 

PRODUCTS INDUSTRIES

P : SHEEP SLAUGHTER 

PROCESS

S : INORGANIC 

CHEMICALS

P : SODIUM CHLORATE 

PRODUCTION

Recover salt from sheep 

slaughterhouses and treat it to 

be compliant with standard slat 

required for sodium chlorate 

production

The aim of this synergy is to recover salt from sheep 

slaughter process in slaghterhouses and animal by 

products industries to provide inorganic chemical 

industries which produce sodium chlorate.

MATERIAL 

EXCHANGE
DIRECT STRANE METHODOLOGY P Recover salt (sodium chloride)

In some slaughterhouses, the hides and skins are salted to improve preservation, using sodium chloride (94 kg of salt/tone of sheep carcase). After approximately 6 days they are packed with 

additional salt and stored or transported to tanneries for leather production. The salt is recovered in tanneries and is send to sodium chlorate production.  The recovery of sodium chloride 

was achieved by selective precipitation using hydrogen chloride gas as a precipitating agent, after washing hides and skins to remove the salt.

N.A. N.A. NO

In the sodium chlorate production a purification step before 

electrolysis is integrated to remove impurities from sodium 

chloride.

The optimum conditions for the precipitation of sodium chloride were concentration of SLSW, 60 % (w/w); HCl gas purging, time 3 min (for abatch 

volume of 100 mL); pH, 8.0; and temperature,30–40°C. The recovered saltshowed purity equivalent to that of standard reference salt. The 
recovered salt can be reused within leather sector or to the other process industries that meet their specification. 

P
Ext. facility - 

tanneries plants
N.F. N.F. YES Road; Containers

When stowed in containers a high standard of container 

preparation is required, ensuring the interior of the 

container is absolutely dry and clean. A bulk liner bag is 

fitted inside the container and the cargo can be either 

blown into a zip up bag or brought in by bob cat shovel to 

an enveloping liner bag. Common salt is shipped in bags 

or in bulk.Subject to loss of weight due to evaporation.

N.A. YES

https://www.academ

ia.edu/1856307/Cha

racterisation_and_re

covery_of_sodium_ch

loride_from_salt-

laden_solid_waste_g

enerated_from_leath

er_industry

The leather industry usually recycle sodium chloride to reduce the impact of 

the disposal and send it to another sectores.
GO X N.A. NO YES

https://www.rese

archgate.net/publ

ication/22810832

2_2_3_Characteri

sation_and_recov

ery_of_sodium_ch

loride_from_salt-

laden_solid_wast

e_generated_from

_leather_industry

YES

https://www.res

earchgate.net/pu

blication/228108

322_2_3_Charact

erisation_and_re

covery_of_sodiu

m_chloride_from

_salt-

laden_solid_wast

e_generated_fro

m_leather_indus

try

N.A.

The cost towards the 

reuse of the recovered 

NaCl was 0.088 US $/kg

N.A. N.A. N.A. N.A.
Net expenditure on processing 1 kg of the salt solid 

waste was 0.04 US $
N.F. N.F. N.F.

64 SILICA SOLID SILICA

S : MINERALS

P : 

MICRONIZED_SILICA_MAN

UFACTURING

S : 

INORGANICS_CHEMICAL

P : SODIUM SILICATE 

MANUFACTURING

Recover silica

The aim of this synergy is to recover silica from 

micronized silica manufacturing and provide inorganic 

chemical industries for sodium silicate, pyrogenic 

silica, precipitated silica and silica gel manufacturing.

MATERIAL 

EXCHANGE
DIRECT BEST PRACTICES P

Silica valorization for the 

production of Sodium Silicate

For the production of micronized silica there is a by-product of Silica that could be sent directly for the production of Sodium silicate. This synergy is already implemented at Bussi chemical 

site. No further details were found if any specific processing of this silica (treatment or technology) is implemented in order to meet the standards for sodium silicate manufacturing. Further 

contact with Bussi Chemical Site is advised

N.A. No specific technology was found N.A. N.A. N.A. P N.A. N.A. N.A.

YES  Transportation 

of Silicon Dioxide 

powder

Road; Railroad and 

Containers

Handle in an enclosed, controlled process, avoid 

creating dust.
N.A. YES

Synergy represents a real case study from Bussi Chemical site, Italy. Synergy 

already implemented. Further contact with the envolved entities is advised.
GO X N.A. NO NO NO N.A. N.F. N.A. N.A. N.A. N.A. N.A. N.F. N.F. N.F.

22
REFRACTORY 

PRODUCTS
SOLID

REFRACTORY 

PRODUCTS

S : STEEL

P : ELECTRIC ARC FURNACE 

STEELMAKING AND 

CASTING 

MANUFACTURING

S : GLASS

P : CONTAINER GLASS 

MANUFACTURING 

WITHOUT ABATEMENT 

SYSTEM

Are refractory products from 

steel industries compliant with 

refractory products used in Glass 

industries ?

The aim of this synergy is to recover refractory 

products from EAF to used them on glass industries for 

container glass manufacturing.

MATERIAL 

EXCHANGE
DIRECT STRANE METHODOLOGY P Spent refractory processing

Spent refractories cannot be directly used in other refractory consuming industries. The waste material needs processing technology and then it may be possible to incorporate in virgin 

material production and utilized depending on the required charateristics and applications. The common procedure for the regeneration of spent refractory materials consist on the 

processing of this material which includes  pre-sorting and treatment. So far it has only been applied widely for a very limited number of materials such as MgO-C refractories (Recycling of 

refractory bricks used in basic steel making a review). Due to the distinct type of refractories used in steel and glass industry furnaces, the technology available for sorting will not allow for 

steel refractories materials to be used in the majority of ceramic furnaces. Remanufacturing of refractory products containing recycled material were found to have almost identical 

properties than the virgin materials. Therefore, internal recycling in the steel industry could be an interesting alternative if better technologies are to be developed, specially automated 

sortings.

Spent refractory processing

In a first step of refractory material processing the waste is pre-sorted according to type of refractory which is generally done manually, 

resulting in large mixing of materials and contamination (low efficiency of the pre-sorting). Second step consists of further treatment, 

including, crushing, screening, magnetic separation and colour separation. This processing of spent refractory products aim is to remove 

impurities such as iron, slag and unwanted pieces of refractory material.

N.A. N.A.

Refractory materials are used for all high temperature process, such as the production of metals, cement, glass and ceramics. Current procedure 

for spent fractory products recycling is in low-grade applications such as roadbed materials and aggregates in new bricks as well as landfilling. In 

order to take advantage of the potential benefits of recycling spent refractory materials, correct recovery and treatment of scrap refractory 

materials and good knowledge of the recycled raw materials is needed. 

P Ext. Facility N.A.
Depends on material type 

and technology used
YES Road; Railroad N.F. N.A.

NO

Not for this specific synergy 

type

High value refractory recycling remains limited due to low purity of output 

streams of the processing technologies. Automated sorting and 

technological advances could potentially increase purity of output stream 

and open new recycling opportunities. New technologies may involve the 

use of automated in-line sorted systems such as Laser induced breakdown 

spectroscopoy (LIBS) object of study of the  European FP7-project REFRASORT 

project h2020

NO GO X NO NO

YES

For refractory 

processing 

technology

NO N.A. N.A. N.A. N.A. N.A. N.A. N.A.

Derived from 

electricity 

comsumption of the 

processing 

machinery and also 

from material 

transportation

N.A. N.A.

24 SLAG SOLID SLAG

S : STEEL

P : BLAST FURNACES 

MANUFACTURING

S : GLASS

P : STONE AND SLAG 

WOOL MANUFACTURING

Recover and transport slag

The aim of this synergy is to recover blast furnace slag 

to provide glass sector for stone and slag wool 

manufacturing.

MATERIAL 

EXCHANGE
DIRECT

STRANE METHODOLOGY

BREF

BEST PRACTICES

P
Steel slag valorization for mineral 

wool production

By-product could be directly used as a raw material for mineral wool slag production. Blast Furnace slag is allowed to slowly cool by ambient air. The resulting product is Air-cooled Blast 

Furnace Slag which is used in the manufacturing of insulating mineral wool. 
N.A. No technology is required for BF slag utilization in mineral wool manufacturing N.A. N.A.

Mineral wood manufacturing already contemplates the receiving of Blast Furnace slags for mineral slag wool production. No associated 

treatment or technologies were identified.
P N.A. N.A. N.A. YES Road; Railroad

Slag is usually packed in bags of paper or jute. Avoid 

wetting
N.A. YES Receiving sector already manufactures mineral wool using slag wastes GO X No required specifications NO NO NO N.A. N.F. N.A. N.A. N.A. N.A. N.A.

Derived from 

transport
N.F. N.F.

23 SLAG SOLID SLAG
S : COMBUSTION PLANT

P : COAL COMBUSTION

S : GLASS

P : STONE AND SLAG 

WOOL MANUFACTURING

Recover and transport slag

The aim of this synergy is to recover combustion plant 

slag to provide glass sector for stone and slag wool 

manufacturing.

MATERIAL 

EXCHANGE
DIRECT STRANE METHODOLOGY P

Boiler slag valorization for 

mineral wool production

There are no reported utilizations of boiler slag in mineral wool production (MWP). Despite, boiler slags and blast furnace slags having similar compositions of silica, aluminium and calcium, 

all elements of interest for the cement industry, the presence of toxic compounds could restrict the application of boiler slags for mineral wool production. Further studies should be 

performed to assess the environmental and technical viability of boiler slag in MWP.

N.A. N.A. N.A. N.A.

Common recycling approaches for boiler slag includes the use for wear-resistant surface coatings, abrasive blasting operations, integration as 

aggregrates and for raw material substitution in cement as well as snow and ice control. As far as Mineral Wool Production (MWP) is concerned, 

the recycling of slags (Blast Furnace slag) is also an important raw material for mineral wool preparation, besides naturall rock. Although no 

reported precedents of boiler slag utilization in the manufacturing of mineral wool products were found,  there are other wastes (not specified) 

that could be incorported in wool manufacturing as indicated in Table 3.35 of BREF_GLS document.

P N.A. N.A. N.A. YES Road; Railroad
Slag is usually packed in bags of paper or jute. Avoid 

wetting
N.A. N.A.

Although the boiler slag could potentially be used for mineral wool 

production, the stability and presence of toxic compounds needs to be 

carefully evaluated

NO GO X

Chemical and mineralogical analysis to 

determine the composition of the by-

product

NO NO NO N.A. N.A. N.A. N.A. N.A. N.A. N.A.
Derived from 

transport
N.A. N.A.

68 FLY ASH SOLID

SILICIUM

ALUMINIUM

CALCIUM

S : COMBUSTION_PLANT

P : 

INTEGRATED_GASIFICATIO

N_COMBINED_CYCLE

S : GLASS

P : 

CONTAINER_GLASS_MAN

UFACTURING_WITH_ABA

TEMENT_SYSTEM

Extract mineral products 

(silicium, calcium, aluminium) 

from fly ash

The aim of this synergy is to recover fly ash and extract 

mineral products (silicium, calcium, aluminium)  and 

provide glass manufacturing.

MATERIAL 

EXCHANGE
DIRECT

STRANE METHODOLOGY

BEST PRACTICES
P

Fly ash valorization for glass 

materials manufacturing

Fly ashes could be directly mixed with other materials such as glass cullets and post-consumer glass cullets aswell as silica sand for the manufacture of glass products. The literature reports 

that coal fly ash is able to vitrifiy with physical and mechanical properties as of a waste glass and with no leaching tendencies.
N.A. No specific technology is associated N.A.

 Secondary air pollution control system may be needed to 

catch volatile metals 1 emission resulting from coal fly ash 

vitrification process

 Tests should be performed regarding chemical and mechanical composition of each specific fly ash.  Might be necessary to correct the 

composition of fly ash with the addition of glass modifying substances depending on the desired characteristics of the manufactured product
P N.A. N.A.

All fly ashes could 

potentially be directed to 

this receiver sector

YES

Road; Railroad and 

Containers 

(Collapsible 

intermodal 

containers)

The transportation of coal combustion by-proocuts 

requires special attention to fugitive dust emissions.
N.A. YES

Coal fly ashes could potentially be used directly in the manufacture of glass 

products. 
GO X

Chemical and mineralogical analysis to 

determine the exact composition of the by-

product.Leaching characterization (TCLP) 

test.

NO NO NO N.A. N.F. N.A. N.A. N.A. N.A. N.A.
Derived from 

transport
N.F. N.F.

40 SLAG SOLID
NON-FERROUS 

METALS

S : STEEL

P : BLAST FURNACES 

MANUFACTURING

S : NON FERROUS METALS 

INDUSTRIES

P : SECONDARY COPPER 

SMELTING 

PYROMETALLURGICAL 

ROUTE

Recover slag for non-ferrous 

metals supply

The aim of this synergy is to recover blast furnace slag 

to provide secondary copper smelting 

pyromatallurgical route.

MATERIAL 

EXCHANGE
DIRECT STRANE METHODOLOGY P

BF slag valorization for secondary 

copper smelting

Blast furnace slags could potentially be used in secondary copper smelting processes after ferrous metal extraction. Secondary copper smelting include the use as feedstock of foundry slags 

with a copper concentration of 10 to 40% (BREF_NFM). However there are no reports of a specific utilization of blast furnace slags neither of the presence of significative Copper quantities in it 

which limits its economical viability

N.A. N.A. N.A. N.A.
The reported concentrations of copper in Blast Furnace Slags doest not seem of significant interest for receiving in Secondary Copper smelting 

processes having in mind all logistic and transportation associated
P Site/ Ext.facility N.A. N.A. YES Road; Railroad

Slag is usually packed in bags of paper or jute. Avoid 

wetting
N.A. NO

No precedents of utilization of Iron Blast Furnace slags neither of a 

representative copper quantity to be used in a secondary zinc production
NO GO X

Chemical and mineralogical analysis to 

determine the composition of the by-

product

NO NO NO N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A.

44 SAND SOLID SAND

S : FOOD DRINK AND MILK 

INDUSTRIES

P : STRACH

S : NON FERROUS METALS 

INDUSTRIES

P : PRIMARY ZINC 

PRODUTION

Recover sand
The aim of this synergy is to recover sand from food 

and drink industries and aluminium production.

MATERIAL 

EXCHANGE
DIRECT STRANE METHODOLOGY P

Sand valorization for zinc 

production

Silica sand is compliant with the use in the zinc industry as a flux material once SiO2 content is over 95%. No relevant data was found considered the mineral composition of the wastewater 

treatment from starch production sand. The research developed shows promising results but dedicated studies are required to assure chemical requirements
N.A. N.A. N.A. N.A. N.A. P N.A. N.A.

All starch sands could 

potentially be directed to 

this receiver sector if 

composition is adequate.

YES Road; Railroad
Care should be taken controlling dust emissions. 

Shipped in big bags or in bulk
N.A.

No reported utilizations of 

sand from starch production 

for zinc production

Highly dependant on the composition of the sand. If Flux material 

composition in sand is in adequate quantities sand could be used as a flux 

material

NO GO X

Chemical and physical (granulometric) 

analysis to determine the exact composition 

of the by-product.

NO NO NO N.A. N.A. N.A. N.A. N.A. N.A.
Potential savings from partial replacement of 

natural sand

Derived from 

transport
N.A. N.A.

47
COKE OVEN 

GAS
GAS COKE OVEN GAS

S : STEEL

P : COKE OVEN PLANTS

S : COMBUSTION PLANT

P : IRON AND STEEL 

PROCESS GASES 

COMBUSTION

Recover and make COG compliant 

for combustion plants

The aim of this synergy is to recover coke oven gas 

from coke ovens and provide combustion plants for 

iron and steel process gases combustion.

COMBUSTIBLE DIRECT

STRANE METHODOLOGY

BREF

BEST PRACTICES

P Coke Oven Gas Treatment

The raw coke oven gas has to be cleanned (remove the tars, desulphurisation and removal of ammonia) to can be externally used by other steelworks consumers as a fuel in coke oven 

batteries, hot blast stove (cowper), blast furnaces, for the heating of ignition furnaces in sinter plants, for pusher-type heating furnaces in rolling mills and for electric power generation in 

power plants. This cleanning process is already implemented in all plants.

N.A. N.A. NO
Clean Coke Oven Gas already fulfills the receiver 

requirements.

The composition of coke oven gas depends on coking time and coal composition. The raw coke oven gas contains valuable products such as tar, 

light oil (mainly consisting of BTX (benzene, toluene and xylene)), sulphur and ammonia. In the coke oven gas treatment is usual to recover some 

by-products as tars, hydrogen sulphide, ammonia and light oils.

P Site N.A.

There are a lot of processes 

to take into account on the 

cleanning cog process to 

know the excatly amount of 

gas that results.

YES
Road; Railroad; 

Pipeline

Pipeline transportation is adviced in near facilities. 

Handling depends on the volume being produced and its 

composition from the wellhead to delivery as a specific 

product to a transportation system.

N.A. YES BREF_IS
Recovery and treatment of COG is already implemented. Cleaned COG can 

be sent directly to receiving process
GO X N.A. NO NO NO N.A.

The main costs are 

transport and 

maintenance

Coke oven gas cleanup is 

already implemented in 

coke oven plants.

N.A. N.A. N.A. N.A. N.A.

Emissions: Nox, NH3, H2SO4, HCN, H2S, CO, 

CH4, TOC, Benzene, PAH, PCDD/F    Residues: 

light oil, tar, naphthalene, phenol and 

ammonia are mainly organic compounds.

N.A.
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BLAST 

FURNACE GAS
GAS

BLAST FURNACE 

GAS

S : STEEL

P : BLAST FURNACES 

MANUFACTURING

S : COMBUSTION PLANT

P : IRON AND STEEL 

PROCESS GASES 

COMBUSTION

Recover and make BF gas 

compliant for combustion plants

The aim of this synergy is to recover blast furnace gas 

and provide combustion plants for iron and steel 

process gases combustion.

COMBUSTIBLE DIRECT

STRANE METHODOLOGY

BREF

BEST PRACTICES

P Blast Furnace Gas Treatment
The blast furnace gas treatment usually consists of pretreatment for the removal of coarse dust, the coarse cleaning is done using deflectors, dry cyclonage or dust catchers. And 

subsequently wet scrubbing for the removal of fine dust (and thus heavy metals), SO2 and cyanide compounds. The blast furnace gas is cleaned and stored and sent to a combustion plant.
N.A. N.A. NO N.A.

Raw BF gas contains dust (including heavy metals and carbon), carbon monoxide, carbon dioxide, sulphur compounds, ammonia, cyanide 

compounds, hydrocarbons and PAH.The scrubbers are specially designed hurdle type, venturi or annular gap scrubbers. In some cases, wet 

electrostatic precipitation is applied. The aim is therefore to construct gas cleaning systems with a low-pressure drop and a high gas cleaning 

efficiency. The pressure drop of the gas cleaning system depends on the type of equipment used. Reported pressure drops of two modern systems 

were between 0.07 and 0.14 bar. Pressure drops in older systems range from 0.15 – 0.5 bar.

P Site

Depends on the 

scale of the 

column. 

BF gas cleaning systems are 

usually highly efficient, 

achieving a residual dust 

concentration of 1 – 10 
mg/Nm3.

BREF_IS YES
Road; Railroad; 

Pipeline

Pipeline transportation is adviced in near facilities. 

Handling depends on the volume being produced and its 

composition from the wellhead to delivery as a specific 

product to a transportation system.

N.A. YES BREF_IS

Blast furnaces around the world apply BF gas cleaning systems. In the EU, 

wet scrubbing is the technique most commonly applied as a second step in 

BF gas treatment. 

GO X N.A. NO NO NO N.A. N.F.
It's already implemented in 

blast furnaces processes.
N.A. N.A. N.A. N.A. N.A.

After cleaning, the BF gas contains normally 

less than 10 mg/Nm3 dust. Scrubbing 

generates a contaminated waste water 

flow, which contains suspended solids (e.g. 

carbon and heavy metals), cyanide 

compounds, nitrogen compounds, etc.

N.F.
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BASIC 

OXYGEN 

FURNACE GAS

GAS
BASIC OXYGEN 

FURNACE GAS

S : STEEL

P : BASIC OXYGEN 

STEELMAKING AND 

CASTING 

MANUFACTURING

S : COMBUSTION PLANT

P : IRON AND STEEL 

PROCESS GASES 

COMBUSTION

Recover and make BOF gas 

compliant for combustion plants

The aim of this synergy is to recover blast furnace gas 

and provide combustion plants for iron and steel 

process gases combustion.

COMBUSTIBLE DIRECT

STRANE METHODOLOGY

BREF

BEST PRACTICES

P=PT+T Clean and valorization of BOF gas

The BOF gas (converter gas) is referred to as primary off-gas. Usually steel plants recover the energy from the BOF gas using partial/full combustion or suppressed combustion. BOF gas is 

cleaned in primary and secondary ventillation and dedusting systems. Consists in pre-dedusting to remove coarse dust by means of dry separation techniques or wet separators; dust 

abatement by means of: dry dedusting (e.g. electrostatic precipitator) for new and existing plants, wet dedusting (e.g. wet electrostatic precipitator or scrubber) for existing plants. This 

process is already implemented in almost all plants. Then BOF gas is stored in a gas holder to be sent to combustion plant as a fuel.

N.A.

Dust is emitted during: charging of scrap and hot metal, oxygen blowing and during the tapping from the BOF. An extract system is 

installed to abate the dust emissions that occur. Secondary system extracts most of the emissions that are not captured by the primary 

ventilation system. Subsquent treatment of the evacuated gases is usually performed by means of a bag filter or an ESP. Dust is usually 

removed from BOF gas by means of venturi scrubbers but also by dry or wet electrostatic precipitators.

NO N.A.

BOF gas is recovered, cleaned and short-term buffered for subsequent use as a fuel. The gas contains approximately 70–80 % carbon monoxide 
(CO) when leaving the BOF and has a heating value of 6–10 MJ/Nm3. In some cases, it is not economically feasible to recover the BOF gas for use as 
a fuel elsewhere in the steelworks, and the BOF gas is then combusted in situ with the generation of steam, hot water or heat. BOF gas (converter 

gas) must be classified as a lean gas in terms of its calorific value, but belongs to the group of rich gases when considered in terms of its 

combustion properties (and particularly, its combustion temperature). The composition of the converter gas varies with the process used, the 

recovery method and, specifically, the oxygen volume.

P Site N.A. N.A. YES
Road; Railroad; 

Pipeline

Pipeline transportation is adviced in near facilities. 

Handling depends on the volume being produced and its 

composition from the wellhead to delivery as a specific 

product to a transportation system.

N.A. YES BREF_IS
Suppressed combustion and subsequent BOF gas recovery is the most 

common process.
GO X N.A. YES

BREF_IS/BREF_

WI
YES BREF_IS/BREF_WI YES BREF_IS/BREF_WI N.A. N.F.

In almost all plants the 

clean system that was 

descrbed is already 

implemented. A gas holder 

is necessary to store the 

BOF gas.

N.A. N.A. N.A. N.A. N.A. N.A. N.A.

67
COOLING 

WATER
LIQUID COOLING WATER

S : REFINING MINERAL OIL 

AND GAS

P : ALL PROCESSES

S : COMBUSTION_PLANT

P : COAL_COMBUSTION
Reuse cooling water

The aim of this synergy is to reuse refining mineral oil 

and gas plants cooling water to supply a combustion 

plant cooling system. This case is a Kalendborg 

industrial symbiosis existing solution.

COOLING WATER DIRECT BEST PRACTICES P Reuse cooling water 

Cooling water system from vacuum distillation in refining industries is stored in a tank, instead of disposal, to provide a combustion plant for steam production. Water is not polluted so could 

be send directly by pipelines. The combustion plant is prepared to receive water to boil. This case is a Kalundborg industrial symbiosis solution, so both plants are in the same industrial park. 

The key factor is the distance between industries, due to investment in pipelines.

N.A. Pretreatment of cooling water systems is necessary to maximize the service life of heat exchange equipment. NO
The water is not polluted and can be reused directly to 

produce steam in a combustion plant.
The major investment is in pipelines to transport water, so this synergy is highly dependent on the distance between enterprises. P Site N.A. All the water can be reused. YES Pipelines 

Water may conveyed through pipelines by gravity flow 

or by pumping. It's the most cost-effective way to 

transport water. Pipelines need regular maintenance 

and repair, which usually consist of sections of pipe 

made of metal (e.g., steel, cast iron, and aluminum), 

though some are constructed of concrete, clay products, 

and occasionally plastics.

N.A. YES Kalundborg example.
Both pipelines and pumps are available in industrial scale, that are the best 

approach to transport water between enterprises.
GO X N.A. NO

YES

To pump the 

water.

NO N.A.

It's necessary to do 

maintenance to pipelines 

and all the components.

It's necessary to install a 

reservoir, a pump, pipelines 

and other components.

N.A. N.A. N.A. N.A. N.F. N.F. N.F.

78 TAR LIQUID TAR

S : ORGANIC_CHEMICALS

P : 

HYDROGEN_PEROXIDE_M

ANUFACTURING

S : COMBUSTION_PLANT

P : WASTE_CO-

INCINERATION

Recover tar for burning

The aim of this synergy is to recover tars from 

hydrogen peroxyde manufacturing and provide waste 

co-incineration.

COMBUSTIBLE DIRECT
STRANE METHODOLOGY

BREF
P

Caustic Tar valorization for 

incineration

No studies were found related to the specific composition of caustic tars (liquid residue from hydrogen peroxide production). Moreover, tars (coal tars) are used mostly to maintain the 

operating temperature or as supplemets to the main process gases. (similar to heavy oil usage). If the composition of the caustic tars is similar to the composition of coal tars then it may 

possibly be valorized in a co-incineration process under these circumstances.

N.A. No specific technology is associated for direct valorization N.A. N.A.
Despite no information was found about the composition of these caustic tars, the amount of impurities should be carefully evaluated. These 

impurities may  hold back the utilization for co-incineration process (Sulphur, heavy metals, halogenated compounds)
P

Ext. facility 

(waste 

treatment)/Rece

iver

N.A.. N.A.

YES

The same principals 

of conventional 

liquid fuels and oils 

transportation can 

be used for liquid 

waste fuels.

Road; Railroad

Regular containers, reservoirs and drums are used. 

Packed in second-hand metal drums. Is highly odorous 

and detrimental to other cargoes. Dispatching to the 

customer is carried out by a truck loading station. This 

loading station is fed by the storage unit. BREF WT.

N.A.

No reference was found on 

actual industrial utilization 

even though it presents high 

potential depending the 

chemical composition

The transformation of  liquid waste streams into liquid fuel streams  proved 

the repeatable and stable operating

conditions;

GO X
Chemical analysis to determine the exact 

composition of the by-product.
N.A. N.A. N.A. N.A. N.F. N.A. N.A. N.A. N.A. Possibility to reduce raw fuel comsumption N.F. N.F. N.F.

84 SLUDGE SOLID SLUDGE

S : ORGANIC_CHEMICALS

P : 

ViNYL_CHLORIDE_MONO

MER_MANUFACTURING

S : COMBUSTION_PLANT

P : WASTE_CO-

INCINERATION

Recover sludge for inceration

The aim of this synergy is to recover sludges from 

vynile chloride monomer manufacturing and provide 

waste co-incineration.

COMBUSTIBLE DIRECT STRANE METHODOLOGY P
Sludge treatment for co-

incineration

Sludges are already being recovered by the sugar beet production indusry as part of a sedimentation process. Although no studies were found for the specific utilization of beet production 

sludges for co-incineration processes, co-incineration of sludges is a common practice in europe. Generally the sludge residue is co-incinerated with coal or municipal solid waste (MSW). In 

the latter case, the substitution rate of MSW is limtied to 10% in mass. This value can be significantly increased to 30 % to 70% by pelletizing the sludges. If the sludge is not be pelletized, 

atleast a drying pretreatment should occur. Sludge must be provided after mechanical dewatering, which is in the majority of cases already implemented at the sludge production site. Sludge 

can also be gasified and the resultant gas be used as an alternative fuel.

N.A. No technology is required besides besides drying and pelletizing. These operations were considered pretreatment N.A. N.A.

Due to different composition of sludge residues, its heavy metal and other toxic constituents could potentially increase the pollutant emissions of 

the co-incineration process. Drying is an energy intensive operation. Energy consumption may be minimized using the waste heat from the 

incineration process. Dried sludge should be combusted immediatly

P Site/Ext.Facility N.A.

All sludges could 

potentially be directed to 

this receiver sector

YES 

Transport of dried 

sludge or pelletized 

sludge

Road; Railroad
If transport is by road use tankers, otherwise 

containers.
NO NO

Although no studies were found for the use of vinyl chloride manufacturing 

sludges, it could potentially be valorized in a co-incineration process. Sludge 

composition and its Lower Heating Value may promote its feasibility

GO X X
Evaluation of Flue-gas treatment system to 

be compliant with new emissions values
NO

YES

 For drying and 

pelletizing 

operations

NO N.A. N.F. N.A. N.A. N.A. N.A.
Potential savings from reduced use of raw fuel 

material
N.F.

Derived from electrical comsumption 

(pretreatment processes)
N.F.
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WOOD 

WASTE
SOLID

WOOD WASTE

BARK

SAWDUST

S : 

PRODUCTION_OF_PULP_P

APER_AND_BOARD

P : 

THE_SULPHITE_PULPING_

PROCESS

S : COMBUSTION_PLANT

P : 

INTEGRATED_GASIFICATI

ON_COMBINED_CYCLE

Recover wood wastes

The aim of this synergy is to recover waste wood from 

pulp and paper production sector, and provide 

combustion plants.

COMBUSTIBLE DIRECT
STRANE METHODOLOGY

BREF
P Collect the wood waste

In the sulphite pulping process one of the wastes is Bark, which is the result of the debarking process. Another waste, from the same process, is sawdust that is obtain in the  wood chipping 

and screenning step.

Bark from the debarking unit is typically fed into a bark shredder and, if wet, pressed for burning.  After the chipper station, the chips are screened in order to remove oversized chips and fines. 

Fines can also be cooked together with the chips or separately in a sawdust cooker, or they can be burnt. 

The Wood waste is collected and sent to long rotary kilns.

N.A. N.A. NO
The waste wood does not need special treatment to provide 

combustion plants. 
N.A. P Site N.A.

All wood could potentially 

be directed to this receiver 

sector

YES
Road; Railroad and 

Containers

Any special requirement to wood waste transportation. 

The wood has to be secured sufficiently and the cargo 

must not exceed the maximum weight of the truck. 

YES BREF_PP YES BREF_PP

An integrated sulphite pulp mill incinerates all organic residues on site 

(bark, wood waste, fibre sludge, sludge from biological treatment), even 

though non used surpluses can be forward to other combustion plants.

GO X N.A. NO BREF_PP
YES                      To 

bark shredder
BREF_PP NO BREF_PP N.A.

The main cost are 

transportation and 

shredder the wood.

Tanks for storage and a 

wood shredder.
N.A. N.A. N.A.

The ash from the incineration process can be utilised 

in different ways, e.g. in the cement industry.
N.F. All the wood residues are reused. N.F.
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SOIL AND 

GREEN 

WASTES

SOLID SLUDGE

S : 

FOOD_DRINK_AND_MILK_

INDUSTRIES

P : SUGAR_BEET

S : COMBUSTION_PLANT

P : WASTE_CO-

INCINERATION

Recover sludge for inceration

The aim of this synergy is to recover sludge from sugar 

beet production process to provide cement raw 

material preparation.

COMBUSTIBLE DIRECT
STRANE METHODOLOGY

BREF
P

Sludge pretreatment for co-

incineration

Sludges are already being recovered by the sugar beet production indusry as part of a sedimentation process. Although no studies were found for the specific utilization of beet production 

sludges for co-incineration processes, co-incineration of sludges is a common practice in europe. Generally the sludge residue is co-incinerated with coal or municipal solid waste (MSW). In 

the latter case, the substitution rate of MSW is limtied to 10% in mass. This value can be significantly increased to 30 % to 70% by pelletizing the sludges. If the sludge is not be pelletized, 

atleast a drying pretreatment should occur. Sludge must be provided after mechanical dewatering, which is in the majority of cases already implemented at the sludge production site. Sludge 

can also be gasified and the resultant gas be used as an alternative fuel. Ref: Combustion kinetics of sewage sludge and combustible wastes | BREF_LCP

N.A. No technology is required besides besides drying and pelletizing. These operations were considered pretreatment N.A. N.A.

Due to different composition of sludge residues, its heavy metal and other toxic constituents could potentially increase the pollutant emissions of 

the co-incineration process. Drying is an energy intensive operation. Energy consumption may be minimized using the waste heat from the 

incineration process. Dried sludge should be combusted immediatly

P Site/Ext.Facility N.A.

All sludges could 

potentially be directed to 

this receiver sector

YES        Transport of 

dried sludge or 

pelletized sludge

Road; Railroad
If transport is by road use tankers, otherwise 

containers.
NO NO

Although no studies were found for the use of sugar beet sludges, it could 

potentially be valorized in a co-incineration process. Sludge composition 

and its Lower Heating Value may promote its feasibility

GO X X
Evaluation of Flue-gas treatment system to 

be compliant with new emissions values
NO

YES

For drying and 

pelletizing 

operations.

NO N.A. N.F. N.A. N.A. N.A. N.A.
Potential savings from reduced use of raw fuel 

material
N.F.

Derived from electrical comsumption 

(pretreatment processes)
N.F.

60

DRINKING 

WATER 

TREATMENT 

SLUDGE 

SOLID

NUTRIENTS

NITROGEN

PHOSPHORUS

POTASSIUM

MAGNESIUM

CALCIUM

S : WASTE WATER 

TREATMENT INDUSTRIES

P : 

DRINKING_WATER_TREAT

MENT_PROCESS

S : FERTILISERS

P : CAN PRODUCTION

Recover nutrients (nitrogen, 

phosphorus, potassium, 

magnesium and calcium)

The aim of this synergy is to recover sludges from 

waste water treatment and provide fertilisers 

companies with recovered nutrients (nitrogen, 

phosphorus, potassium, magnesium and calcium)

MATERIAL 

EXCHANGE
DIRECT

BREF

BEST PRACTICES
P

Biosolids-derived fertilizer 

production

Sewage sludge can be directly sent to fertilizing production industry. A new saleable product can be manufactured by opening a pathway for valorization of sludge derived from wastewater 

treatment plants in a fertilizing industry. These biosolid-derived fertilizers are organo-mineral fertilizers produced after disinfection  of sewage sludge, by addition of alkali or acid compounds. 

It is also common procedure to add additional materials to balance the nutrient content of the fertilizer or boost the content of a specific mineral. After sterilization and modification of 

product composition a granulation or pelletization often occurs. 

N.A. No specific technology is associated. Sludge can be directly used in the fertilizer industry for further processing. N.A. N.A.

Current practices for sewage sludge are organic valorization and spreading on soil, incinerationg and landfilling. The agricultural use of sewage 

sludge is one of the most controversial topics in the EU. The prohibition of sewage sludge storage and restrictive European regulations make 

challenges for sewage sludge management

P N.A. N.F.

All sludges could 

potentially be directed to 

this receiver sector

YES

Transport of sludge 

before processing is 

considered

Tankers; Pipeline

Dependent on the state of the sludge, if dried avoid 

emission of dust. Otherwise, general pipeline or tankers 

transportation.

N.A.

YES

Production of biosolid-derived 

fertilizers is already 

implemented at industrial 

scale. Relvão Eco-park, 

Portugal has already 

established and implemented 

this synergy

https://www.science

direct.com/science/a

rticle/pii/S09596526

10001071

Organo-mineral fertilizers can be produced from sewage sludge. Restraints 

on the establishment of this synergy could be derived from heavy metal 

content and organic pollutants in the sludge

GO X
Chemical and physical analysis to determine 

the exact composition of the by-product.
NO NO NO N.A. N.F. N.A. N.A. N.A. N.A.

Simplified economic analysis showed that the profits 

from sewage sludge based fertilizers in comparison 

with conventional fertilizers can amount to 50%

Kominko 2017 N.F. N.F.

65 SULPHUR SOLID SULPHUR

S : REFINING MINERAL OIL 

AND GAS

P : 

HYDRODESULPHURISATIO

N_PROCESS

S : FERTILISERS

P : ATS_FERTILISER
Recover sulphur

The aim of this synergy is to recover sulphur from 

refining industries and provide fertilisers production 

companies. This synergy is base on a real case.

MATERIAL 

EXCHANGE
DIRECT BEST PRACTICES P

Ammonium thiosulfate 

production from flue gas
SO2 is absorbed in a solution of ammonium sulfate/sulfite after which spent solution is neutralized, and reacted with H2S to form Ammonium thiosulfate, a liquid fertilizer byproduct Ammonia Scrubbing - Once-through

Flue gas is contacted with a series of three absorption towers producing a spent solution of ammonium sulfite, bisulfite and a small 

amount of sulfate. The spent solution is then reacted with ammonia and H2S from the Claus plant to produce na ammonium thiosulfate 

solution. This solution is then concentrated in an evaporator to yielding a concentrated by-product liquor.

N.A. N.A. The liquid fertilizer byproduct can be directly sold to end-users P Site
up to 4000 ppm 

inlet SO2 levels
N.F.

YES

Transport of liquid 

Ammonium 

thiosulfate

Tankers; Pipeline Under same regulations as liquid fertilizers transport. YES
Profiles in Flue gas 

Desulfurization
YES

Profiles in Flue gas 

Desulfurization

Commercially available technology to produce ammonium thiosulfate from 

flue gas. Industrially implemented in Kalundborg Industrial Park, Denmark. 
GO X N.A. NO

YES                  for 

refractory 

processing 

technology

NO Ammonia N.F. N.A. N.A. N.A. N.A. N.A. N.F. N.F. N.F.

90
COOLING 

WATER
LIQUID COOLING WATER

S : 

PRODUCTION_OF_PULP_P

APER_AND_BOARD

P : 

MECHANICAL_PULPING_A

ND_CHEMIMECHANICAL_P

ULPING

S : FERTILISERS

P : CAN_PRODUCTION
Reuse cooling water

The aim of this synergy is to reuse production of pulp 

and paper plants cooling water to supply fertilisers 

industries cooling system.

COOLING WATER DIRECT STRANE METHODOLOGY P Reuse cooling water 
Temperature of steam/water cooling from production of pulp and paper is between 95ºC and 125ºC, so the flow has to pass through a phase separator to recover the water and stored in a 

tank, instead of disposal. Water has to cool down, until ambient temperature, to can be sent to fertilisers industry, that will be reuse for a cooling system as well. 
Phase separator to recover the water (liquid state) N.A. NO Water from cooling systems is not polluted.

It's not cost-effective to use a condenser to recover a higher percentage of water from the cooling system, so a phase separator is a better choice 

to recover some water at least. The amount of water that results from the cooling system has to be taken into account in the implementation this 

synergy, due to its costs. 

The distance between enterprises is the key factor, due to imlementation of pipelines.

P Site NA

Depends on the percentage 

of water that results from 

cooling system.

YES Pipeline

Water may conveyed through pipelines by gravity flow 

or by pumping. It's the most cost-effective way to 

transport water. Pipelines need regular maintenance 

and repair, which usually consist of sections of pipe 

made of metal (e.g., steel, cast iron, and aluminum), 

though some are constructed of concrete, clay products, 

and occasionally plastics.

YES

The phase 

separator is 

commercially 

available

YES

The phase separator 

and pipelines are 

implemented in 

industrial scale.

Pipelines is the most common way to transport water used by industries.
GO X N.A. NO YES

To pump water 

and phase 

separator.

NO N.A.

The maintenance of phase 

separator, pipelines and 

components. Pipelines 

have to be clean 

periodically to avoid 

corrosion. 

It's necessary to install a 

phase separator, reservoir, 

a pump, pipelines and other 

components.

N.A. N.A. N.A. N.A. N.F. N.F. N.F.

66

BLAST 

FURNACE 

AND 

CONVERTER 

SLAG

SOLID
BLAST FURNACE 

SLAG

S : STEEL

P : 

BLAST_FURNACES_MANUF

ACTURING

S : CERAMIC

P : 

BRICKS_AND_ROOF_TILE

S_MANUFACTURING

Recover BF slag as a mineral 

source

The aim of this synergy is to recover blast furnace slag 

to provide brick and roof tiles manufacturing in 

ceramics industries.

MATERIAL 

EXCHANGE
DIRECT

BEST PRACTICES

STRANE METHODOLOGY
P

BF slag valorization for brick 

manufacturing

Steel slags could be potentially directly used as a raw material for the manufacture of ceramic bricks, however, grinding and magnetic separation are needed as a pretreatment The feasibility 

of incorporating steel slags in clay fired bricks was studied by Cunico L. et al., 2003 which reported being successfully able to produce good quality bricks. 
N.A. No specific technology was found besides grinding and magnetic separation N.A. N.A.

Slags from converter and linz-donalwitz process are the most interest to analyse since the Blast Furnace slags already have a significant and 

extensive use in the production of cement and mineral wool industries.Therefore it is meaningful to redirect steel slags to new uses.  However, 

carefully should be taken to pretreat the slag by means of grounding and ferromagnetic material removal in order to ensure good protection and 

management of the manufacture equipment. 

P N.A. N.A.

All converter slags could 

potentially be directed to 

this receiver sector

YES

Transportation of 

the slag without the 

ferrous component 

is considered.

 Road; Railroad Slag is usually packed in bags of paper or jute. N.A.

YES

Industrial-scale trials were 

performed

https://www.researc

hgate.net/publicatio

n/268447804_Steel_

slag_recycling_in_cla

y_brick_production

Feasibility depends on the incorporation percentage and for which 

application is the brick designed to.
GO X

Chemical and mineralogical analysis to 

determine the composition of the by-

product

YES YES YES N.A. N.F. N.A. N.A. N.A. N.A.

Costs could be associated with crushing and grinding 

operations as well as magnetic separation.  

Electrical comsumption

Derived from 

transport
N.F. N.F.

69 FLY ASH SOLID

SILICIUM

ALUMINIUM

CALCIUM

S : COMBUSTION_PLANT

P : COAL_COMBUSTION

S : CERAMIC

P : 

BRICKS_AND_ROOF_TILE

S_MANUFACTURING

Extract mineral products 

(silicium, calcium, aluminium) 

from fly ash

The aim of this synergy is to recover fly ash and extract 

mineral products (silicium, calcium, aluminium) to 

provide brick and roof tiles manufacturing.

MATERIAL 

EXCHANGE
DIRECT

STRANE METHODOLOGY

BEST PRACTICES
P

Fly ash valorization for ceramic 

materials manufacturing
There are reported cases of fly ash utilization for the production of ceramic materials. Fly ashes could be directly mixed with raw natural clay to produce ceramic bricks. N.A. No specific technology is associated N.A. N.A.

Since there are differences between one source of fly ash to another, no general rules can be applied for their use in ceramic production. Physical 

and chemical characterization of samples is necessary
P N.A. N.A.

All fly ashes could 

potentially be directed to 

this receiver sector

YES

Road; Railroad and 

Containers 

(Collapsible 

intermodal 

containers)

The transportation of coal combustion by-proocuts 

requires special attention to fugitive dust emissions.
N.A. YES

Coal fly ashes could potentially be used directly in the manufacture of 

ceramic products and substitute natural raw materials
GO X

Chemical and mineralogical analysis to 

determine the exact composition of the by-

product.Leaching characterization (TCLP) 

test.

NO NO NO N.A. N.F. N.A. N.A. N.A. N.A.

(queralt 1997) 

https://www.s

ciencedirect.c

om/science/ar

ticle/pii/S0016

23619700024

0

Possibility to reduce milling costs due to lower 

particle size distribution. Lowering of the peak firing 

temperature of the brick could lower energy 

expenditure costs. 

Derived from 

transport
N.F. N.F.

36 LIME SOLID LIME

S : PRODUCTION OF PULP 

PAPER AND BOARD

P : THE KRAFT PULPING 

PROCESS

S : WASTE INCINERATION

P : FLUE GAS TREATMENT 

NH

Recover Lime

The aim of this synergy is to recover lime from kraft 

pulping process in pulp and paper production sector, 

and providewaste incineration plant for flue gas 

treatment.

MATERIAL 

EXCHANGE
DIRECT

STRANE METHODOLOGY

BREF
P

Lime valorization in flue gas 

treatment units

No precedents of lime sludges utilization in substitute of lime as a raw material for flue-gas treatment units. There are reported case studies of utilization of lime sludge from wastewater 

treatment plants in flue-gas treatment units. Lime sludges could potentially be utilized directly in dry flue-gas treatment units due to its CaCO3 composition. For semi-dry and wet flue-gas 

treatment units, a calcination (lime kiln) process is required to produce CaO.  

N.A.
Calcination process (lime kiln) to produce CaO to be used in semi-dry and wet flue-gas treatment units. Otherwise no specific technology 

is required
N.A. N.A.

 Lime sludges utilizations were found predominantly in the agriculture, cementicious materials production, and as a reagent for wastewater 

treatment processes and sewage sludge stabilization
P N.A. N.A.

All lime sludge could 

potentially be directed to 

this receiver sector

YES 

Road; Railroad and 

Containers. 

Conveyors if 

facilities are nearby

Care should be taken controlling dust emissions N.A.

NO

No reported utilizations in this 

synergy scenario

Lime sludges could potentially be utilized directly in dry flue-gas treatment 

units due to its CaCO3 composition. For semi-dry and wet flue-gas treatment 

units, a calcination (lime kiln) process is required to produce CaO

GO X

Chemical analysis to determine the exact 

composition of the by-product. Moisture 

levels must be controlled

NO NO NO N.A. N.F. N.A. N.A. N.A. N.A.
Potential savings from partial replacement of 

limestone with lime sludge

Derived from 

transport

Possibility of increased number of solid 

residues in flue-gas treatment derived from 

lower raw material purity

N.F.

87
WOOD 

WASTE
SOLID WOOD

S : 

PRODUCTION_OF_PULP_P

APER_AND_BOARD

P : 

THE_SULPHITE_PULPING_

PROCESS

S : LIME

P : 

LIME_MANUFACTURING_

LONG_ROTARY_KILN

Recover wood wastes

The aim of this synergy is to recover waste wood from 

pulp and paper production sector, and provide 

combustion plants.

COMBUSTIBLE DIRECT

STRANE METHODOLOGY

BREF

BEST PRACTICES

P
Collect  wood waste for 

incineration

In the sulphite pulping process one of the wastes is Bark, which is the result of the debarking process. Another waste, from the same process, is sawdust that is obtain in the  wood chipping 

and screenning step.

Bark from the debarking unit is typically fed into a bark shredder and, if wet, pressed for burning.  After the chipper station, the chips are screened in order to remove oversized chips and fines. 

Fines can also be cooked together with the chips or separately in a sawdust cooker, or they can be burnt. 

The Wood waste is collected and sent to long rotary kilns.

N.A. N.A. NO
The waste wood does not need special treatment to provide 

combustion plants. 

The use of waste fuels enables the lime producer to reduce the consumption of fossil fuels such as gas and liquid fuels and contributes to the 

economic viability of the lime sector in Europe. Since 1997, the European lime industry has been using more waste fuels as well as biomass. 

However, the quality of these waste fuels is important for using in lime manufacturing. Furthermore, the use of waste has an effect on the lime 

quality, such as the limitation of the usage of the lime.The most common in the EU are natural gaseous fuels, such as natural gas, coke oven gas, 

solid fuels such as coal (hard coal, pulverised lignite and petcoke), coke/anthracite as well as liquid fuels such as heavy and/or light fuel oil. Waste 

is also used as fuel, e.g. used oil, plastics, paper, and animal meal (meat bone meal) or sawdust. 

P Site N.A.

All wood could potentially 

be directed to this receiver 

sector

YES
Road; Railroad and 

containers

Any special requirement to wood waste transportation. 

The wood has to be secured sufficiently and the cargo 

must not exceed the maximum weight of the truck. 

N.A. YES BREF_PP

Fuels to feed the long rotary kilns, which are used in lime manufacture, are 

pulverised solid fossil fuels, waste fuels and biomass. Wood can be send 

directly to lime plants to incinerate. 

GO X N.A. NO BREF_PP
YES

To bark shredder
NO BREF_PP N.A.

The main cost are 

transportation and 

storage the wood.

Tanks for storage. N.A. N.A. N.A. N.A. N.F.

The amount of waste reported is 1.3 kg dry 

solids (DS)/ADt (100 % DS) from pulp 

production and 0.9 kg DS/ADt from 

papermaking. The ash from the incineration 

process can be utilised in different ways, 

e.g. in the cement industry.

N.F.

89
COOLING 

WATER
LIQUID COOLING WATER

S : 

PRODUCTION_OF_PULP_P

APER_AND_BOARD

P : 

MECHANICAL_PULPING_A

ND_CHEMIMECHANICAL_P

ULPING

S : 

REFINING_MINERAL_OIL

_AND_GAS

P : ALL_PROCESSES

Reuse cooling water

The aim of this synergy is to reuse production of pulp 

and paper plants cooling water to supply refining 

industries cooling system.

COOLING WATER DIRECT STRANE METHODOLOGY P Reuse cooling water

Temperature of steam/water cooling from production of pulp and paper is between 95ºC and 125ºC, so, the flow has to pass through a phase separator to recover the water and stored in a 

tank, instead of being disposed. 

Refineries work with a water cooling temperature around 20ºC/30ºC, therefore if the water from the sender sector is able to cool down until this temperature, then the synergy may have 

some potential to go on.

N.A. N.A. NO Water from cooling systems is not polluted.

It's not cost-effective to use a condenser to recover a higher percentage of water from the cooling system, so a phase separator is a better choice 

to recover some water at least. The amount of water that results from the cooling system has to be taken into account in the implementation this 

synergy, due to its costs. 

The distance between enterprises is the key factor, due to imlementation of pipelines.

P Site NA

Depends on the percentage 

of water(liquid state) that 

results from cooling 

system.

YES Pipeline

Water may conveyed through pipelines by gravity flow 

or by pumping. It's the most cost-effective way to 

transport water. Pipelines need regular maintenance 

and repair, which usually consist of sections of pipe 

made of metal (e.g., steel, cast iron, and aluminum), 

though some are constructed of concrete, clay products, 

and occasionally plastics.

N.A. YES Pipelines is the most common way to transport water used by industries. GO X N.A. NO
YES

To pump water
NO N.A.

The maintenance of phase 

separator, pipelines and 

components. Pipelines 

have to be clean 

periodically to avoid 

corrosion. 

It's necessary to install a 

phase separator, reservoir, 

a pump, pipelines and other 

components.

N.A. N.A. N.A. N.A. N.F. N.F. N.F.

97 OIL LIQUID OIL

S : WASTE TREATMENTS 

INDUSTRIES

P : WASTE TREATMENT 

AIMED PRODUCE 

MATERIAL USED AS FUEL

S : See table n°

P : See table n°

Make oil compliant with receiver 

processes

The purpose of this synergy is to provide industries 

with fuels from industrial wastes rather than using 

traditional fuels.

WASTE FOR FUEL 

PREPARATION
DIRECT STRANE METHODOLOGY P

Waste treatment Oil valorisation 

for combustion purposes

Direct utilization of oil  from waste oil industries in substitution to traditional oil in combustion purposes  is  dependent on the physicochemical composition and LHV charcateristics of the oil 

and the specific requirements  of the receiver sector. A number of different burning applications exist, distinguishable partly by the temperature at which they burn, and partly by the control 

technology they use to reduce environmental effects (BREF WT). Due to the diversityy of receiver sectors proposed  in the actual synergy, dedicated  receiver sector analysis should be 

performed to assure its technical viability. 

N.A. N.A. NO N.A.

Waste oils have some valuable properties for their use as a fuel oil blendstock, e.g. they have a

lower sulphur content and viscosity in comparison to other heavy fuels. Blending into fuel oil at

the refinery could be a viable option for oils when it can be shown that the contaminant levels

are within acceptable limits for the fuel oil specifications and legislative requirements. (BREF WT)

P N.A. N.A.

100 % are expected for 

compliant fuel 

requirements.

YES

The same principals 

of conventional 

liquid fuels and oils 

transportation can 

be used for liquid 

waste fuels.

Road; Railroad; 

Pipeline

The cargo should  be non-combustible or has a low fire-

risk. Pipeline transportation coukld be implemented in 

near facilities and continuous flow requirements. No 

specific requirements besides conventional oil 

transportation are required.

YES YES

The valorization of recovered waste oil for combustion purposes is higly 

implemented due to economic advantages on raw material substitution. 

Waste oil is used as a fuel in a number of power stations in the UK, in IED 

plants permitted for burning hazardous waste.  (BREF WT)

GO X N.A. NO NO NO N.A.

N.F 

Mostly associated to 

transpor and Logistics

N.A. N.A. N.A. N.A. N.A. N.F. N.F. N.F.

98 BITUMEN LIQUID BITUMEN

S : WASTE TREATMENTS 

INDUSTRIES

P : WASTE TREATMENT 

AIMED PRODUCE 

MATERIAL USED AS FUEL

S : See table n°

P : See table n°

Make bitumen compliant with 

receiver processes

The purpose of this synergy is to provide industries 

with fuels from industrial wastes rather than using 

traditional fuels.

WASTE FOR FUEL 

PREPARATION
DIRECT STRANE METHODOLOGY P

Bitumen valorization for 

combustion purposes

Bitumen is a highly viscous liquid oil based substance that could potentially be sent to cement sector as an alternative fuel. The procedure could involve the modification of bitumen 

properties by adding a mixture of water and a phenol-based surfactant. The achieved properties are similar to the ones of an heavy oil which can be directly burned in a cement kiln. Usón et 

al, 2013 provides an extensive review of alternative fuels in the cement industry for which the recommended composition of fuels for the cement industry shold contain a) Chlorine levels <0,2 

%; Sulphur <2,5 %;  PCB <50 ppm; Heavy metals (excluding Hg, Cd and Tl) <2500 ppm; Hg <10 ppm; Cd+Tl < 90 ppm.
N.A. N.A. NO

Alternative fuels and raw materials utilization may require 

the adaptation of the combustion process.

The basic principles for the use of alternative fuels are:i) the chemical quality of the fuel must meet regulatory standards; ii) the calorific value of 

the fuel must be stable enough to allow control of the energy supply to the kiln; iii) the fuels must not introduce chemical species into the process 

that might hamper the stability of the process or the quality of the performance of the product.

The process of clinker production in kiln systems creates favourable conditions for use of alternative fuels. These include: high temperatures, long 

residence times, an oxidising atmosphere, alkaline environment, ash retention in clinker, and high thermal inertia. These conditions ensure that 

the fuel’s organic part is destroyed and the inorganic part, including heavy metals is trapped and combined in the product. 

P N.A. N.A. YES
Road; Railroad: 

Pipelines

Bitumen is typically stored and transported at 

temperatures up to 250 °C in specialized tankers. As for 

pipeline, transporting heavy

crude oil and bitumen via pipeline is usually challenging 

due to their high density and viscosity ([1,000 cP) and 

very low mobility. Provides a review on bitumen 

transport via pipeline (Hart., 2013)

N.A. YES

The clinker firing process is well suited for various alternative fuels, the goal 

is to optimize process control and alternative fuel consumption while 

maintaining clinker product quality.  Many years of industrial experience 

have shown that the use of wastes as alternative fuels by cement plants is 

both ecologically and economically justified. if the waste produced bitumen 

composition and thermal properties are adequate according to receiver 

standards then its valorization is possible for combustion purposes.

GO X

Chemical analysis to determine the exact 

composition of the by-product. Moisture 

levels must be controlled

N.A. N.A. N.A. N.A. N.F. N.A. N.A. N.A. N.A. N.A. N.F. Derived from transport N.F.

99 METHANOL LIQUID METHANOL

S : WASTE TREATMENTS 

INDUSTRIES

P : WASTE TREATMENT 

AIMED PRODUCE 

MATERIAL USED AS FUEL

S : See table n°

P : See table n°

Make methanol compliant with 

receiver processes

The purpose of this synergy is to provide industries 

with fuels from industrial wastes rather than using 

traditional fuels.

WASTE FOR FUEL 

PREPARATION
DIRECT STRANE METHODOLOGY P

Methanol valorization in 

formaldehyde production

Methanol can be obtained as a by-product from waste treatment industries with the aim of reducing the consumption of traditional fuels. Bio-methanol can be produced from virgin or waste 

biomass, non-biogenic waste streams, or even CO2 from flue gases. Methanol, that results from wastes, is chemically identical to conventional methanol. The characteritics of bio-methanol 

are highly dependent on what kind of waste have originated it. 

Methanol is used for the production of formaldehylde in both the silver catalyst process and metal oxide process. Required purity is between 97-99.9% for both processes, however, purities 

higher than 99% are preferred. Methanol produced from renewable sources (wastes) can be directly used for the production of formaldehyde if required purity is achieved. 

N.A.
Methanol can be purified if needed. It's easy to obtain high puritys of methanol with distillation, depending on requirements, purities as 

high as 99% can be achieved. 
YES/NO

Depends on the level of purity of the methanol from 

renewable sources.
N.A. P N.A. N.A.

All methanol could 

potentially be directed to 

this receiver sector.

YES
Road; Railroad. 

Drum transport

Because of its flammability, methanol is stored in tanks 

at atmospheric pressure under air or nitrogen. Explosive 

limits in air 6-36,5% by volume. 

N.A. N.F.

There is no specific studies concerning the usabilty of methanol from 

renewable sources in this receiver sector. However, if the methanol is 

compliant with the required specifications can be reused in this sector.

GO X

Before methanol is sent to both processes 

the purity level has to be analysed to be 

compliant with the requirements from the 

receiver sector.

N.A. N.A. N.A. N.A. N.F. N.A. N.A. N.A. N.A. N.A. N.F. Derived from transport N.F.

100 GAS OIL LIQUID GAS OIL

S : WASTE TREATMENTS 

INDUSTRIES

P : WASTE TREATMENT 

AIMED PRODUCE 

MATERIAL USED AS FUEL

S : See table n°

P : See table n°

Make gas oil  compliant with 

receiver processes

The purpose of this synergy is to provide industries 

with fuels from industrial wastes rather than using 

traditional fuels.

WASTE FOR FUEL 

PREPARATION
DIRECT STRANE METHODOLOGY P

Waste treatment Gas oil 

valorisation for combustion 

purposes 

The direct utilization of Waste Industry  Gas oil in combustion plants is  dependent on the physicochemical composition and LHV charcateristics of the Gas oil produced and the specific 

requirements of the receiver sector ( associated to the burning technology used ). Conventional gas oil LHV is between 42 - 45 MJ/t, depending on  the composition of raw crude oil. Average 

waste Gas oil  LHV is  between 41,93 - 44,38 MJ/t.  The similarity between LHV ranges makes it theoreticaly OK for direct utilization. Chemical composition of waste Gas oils and associated 

combustion emissions are the main constraints on its utilization. 

N.A. N.A. NO N.A.

Specific chemical analysis on the composition of the waste Gas oil composition is required to sustain its feasibility for direct substitution and 

emissions control. Different BAT applied for conventional Gas oil utilization in combustion plants and emissions abatment are presented in  BREF _ 

LCP. 

P N.A. N.A.

100 % are expected for 

compliant fuel 

requirements.

YES

The same principals 

of conventional 

liquid fuels and oils 

transportation can 

be used for liquid 

waste fuels.

Road; Railroad; 

Pipeline

The cargo should  be non-combustible or has a low fire-

risk. Pipeline transportation coukld be implemented in 

near facilities and continuous flow requirements. No 

specific requirements besides conventional oil 

transportation are required.

YES YES
The valorization of recovered Gas oil for combustion purposes has high 

potential due to economic advantages on raw material substitution. 
GO X

When operating with gas oil in diesel 

engines, no preheating or separation of the 

fuel is usually needed. When used as a fuel 

in gas turbines, needs to be treated in order 

to reduce its sodium, potassium, and 

calcium concentrations and to remove solid 

impurities, which are otherwise detrimental 

to the turbine blades. Gas oil is treated at 

the fuel treatment plant, which comprises 

gas oil-cleaning units, either a self-cleaning 

centrifuge unit or an electrostatic-type unit, 

and all the necessary pumps and piping 

equipment.(BREF _ LCP)

NO NO NO

Optimal 

combustion 

conditions are 

important for the 

minimisation of 

dust and ash 

production.

N.F 

Mostly associated to 

transpor and Logistics

N.A. N.A. N.A. N.A.

The presence of dust originated mainly from the ash 

contentcan also give rise to economic costs for the 

operators, from losses due to unburnt fuel and from 

deposits in the combustion hardware, if the 

equipment is not well maintained. (BREF_LCP)

Emissions of SOX and 

NOX arise 

respectively from 

the sulphur and, 

besides thermal NOX 

formation, to a 

certain extent from 

the nitrogen 

contained in the fuel 

(BREF_LCP).

When burning gas oil, the dust mainly 

consists of soot and 

hydrocarbons.(BREF_LCP).

Material arising from 

the organic content 

of the fuel and its 

incomplete burnout, 

ash from the 

inorganic and 

sulphur content of 

the fuel.(BREF_LCP).
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4. Analysis of technologies 
 

A statistical analysis was carried out to compile the most relevant results. 

From the 100 Synergy types generated from D3.1 (52 indirect and 48 direct), 16 % were finally considered as 
technically NO/GO and 84% as GO (Figure 8). From the sixteen synergies evaluated as NO/GO, eight were 
initially direct and eight indirect where 87.5% of the indirect NO/GO and 75 % of the direct NO/GO correspond 
to innovative synergies (Strane methodology).  

 

 

Figure 7 – Final technical viability evaluation (GO and NO/GO)  

 

The initial synergy identification (D3.1) define 39 innovative synergy types obtained by the Strane methodology, 
and 61 provided by other information sources (Figure 9). 

 

Figure 8 – Synergies divided by identification source  
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Regarding Strane methodology, the results show that 26 out of 39 synergy types were evaluated as technically 
viable, corresponding to 66.7% success rate (Figure 10). The results on the technical synergy validation, 
demonstrate the reliability of the innovative methodology. 

 

Figure 9 – Strane methodology synergies technical evaluation (GO/NOGO) 

In a deeper analysis on the previous results, from the 26 synergies evaluated as GO, 65.3 % correspond to indirect 
synergies while 34% correspond to direct ones. Among the ones identified as NO/GO, 53% correspond to direct 
ones and 47% to indirect. Indirect synergies presented higher technical positive evaluation rates.   

Figure 11 present the results on the technical evaluation of synergy types obtained from other sources, only about 
5 % of the synergies were considered as technically unfeasible. The conventional synergy identification methods 
present very high success rates on technology evaluation.  

 

 

Figure 10 – Other methodologies synergies technical evaluation (GO/NOGO) 

 

Considering the hypothetical procedure/technology technical characterization options (see section 2.2), the results 
achieved shown that 75 % of the synergies type characterized were associated to full procedures and just 25 % 
were associated to specific technologies. Within the technology associated synergies, 85% refers to indirect 
synergies and just 15 % to direct ones. Regarding procedure associated synergies, 60 % refers to direct and 40 % 
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to indirect. These results reinforce the initial theoretical hypothesis that indirect synergy technical valorisation 
deal with higher technical specifications and consequently technology requirements.  

During the technical characterization, some of the synergies initially defined as direct/indirect were suitable to be 
switched. Table 4 compile the synergies involved, their status and support comments. Three direct synergies could 
turn into indirect, while twelve indirect synergies could be considered as direct.  

Table 4 – Resume table of synergies able to change initial Direct/Indirect status 

Synergy 
number 

Initial 
Status 

Possible 
Status 

Comments 

6 Direct Indirect Optionally turned into indirect in order to improve its quality as a raw material for cement 
production. 

65 Direct Indirect Associated to compulsory desulphurization process requirements. 

22 Direct Indirect Compulsory indirect due to high demand of processing involved. Technology is not at optimum 
state of development. 

5 Indirect Direct Waelz kiln technology is already implemented for secondary Zinc production. EAF Dust can be 
directly sent to this receiver. 

9/10/39 Indirect Direct Sulphuric acid recovery is already a standard in this sender sector. Equipment to produce 
Sulphuric Acid is already available at this sender process. 

31/32 Indirect Direct Processing of salt slag is already a standard in this sender process. Aluminium oxides separation 
is already implemented and can be directly sent to final users. 

85 Indirect Direct Processing of wastewaters containing oil is already a standard technology in this sender 
process. Recovered oil can be directly sent to final users. 

41 Indirect Direct Processing of ash is current practice in this sender sector. 

59 Indirect Direct Processing of slag ash is current practice in this sender sector. 

18 Indirect Direct Hydrogen is already a by-product of the sodium chlorate production and can be used as fuel or 
as a raw material for other processes. 

19 Indirect Direct Processing of off-gases is already a standard in this sender process. If the proposed technology 
is already implemented at the sender process, then the Hydrogen is already a by-product and 
can be directly sent to final users. 

94 Indirect Direct Steam can be used directly without any treatment or technology requirements. 

 

Regarding the initial indirect synergies, necessary treatments/technologies for the valorisation or extraction of 
elements of interest, can be already part of the sender sector practices (sometimes associated to compulsory 
treatments), in those cases they can turn into direct ones. In case those technologies/equipment/procedure are not 
available (at sender, receiver or intermediary facilities) they will still be considered as indirect synergies.  

Considering the final technical viability analysis of the synergies, availability and usability are used as evaluation 
criteria. In case of two positive results on availability and usability the final viability analysis is considered as GO. 
Even though, some GO exceptions occur with a single positive result. Indirect Synergy 63 for example, recovery 
of poultry dejections for tanning process, even it is not applicable at industrial Scale (it is still an emerging 
technology) it is technically viable for implementation.   

Concerning the eight NO/GO direct synergies, five of them, related to ash and sludge recovery were technically 
reproved due to the lack of data on the mineralogical composition of by-products. The selection of technologies 
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and further technical viability analysis is highly dependent on those requirements. In case that reliable data can be 
obtained, synergy 27, 23, 15, 11 and 44 can be unlocked and turned into final GO. 

Concerning the eight NO/GO indirect synergies, no procedure or technology was identified for synergy 76 and 
77, as no studies were found concerning Alumina recovery from BOF slags. Half of NO/GO indirect synergies 
correspond to Steel sector as sender.  

Synergies 91, 92, 93, 94, 95 and 96 present generic approaches on technical procedure and technologies 
characterization due to its multiple sender/receiver alternatives. There is a high valorisation potential due to its 
intersectoral applicability. The utilization of specific case studies and dedicated research sub-projects is advised 
to valorise them and allow better approaches and accuracy on the technical economic results.  

As a final remark, during the individual research process radical approach changes were made into synergy 44 
and 57. In direct synergy 44 the receiver process was changed from Primary Aluminium Casthouse to Primary 
Zinc production since there was no specific reference on the utilization of sand as a flux in the Aluminium 
subsector. In indirect Synergy 57 the initial element of interest, hydrochloric acid (HCl), was not found in the 
primary aluminium process from non-ferrous metals sector. Therefore, a new element of interest and a new 
process were defined for the same sender sector. The element of interest was changed to aluminium and the 
process was changed to secondary aluminium. Receiver sector and process were changed as well to Iron and Steel 
and basic oxygen steelmaking, respectively. 

5. Guidelines for future TDB use and update 
 

In addition to the actual objectives of task T3.3 presented in section 1, the TDB format presented compiles the 
main information necessary to be used as baseline study for further resource waste valorisation. The technical 
approaches presented per synergy types identify possible symbiotic exchanges that can be applied either directly 
or with some modifications to a wider range of intersectoral valorisation options. In this sense, the unexploited 
potential of the TDB is considerably high. 

The existing excel format (presented in PDF in the report) allows the identification of existing synergy possibilities 
by simple filtration on dataset 1 variables shown in Table 6. It also allows industries, researchers, policy makers 
and other interested stakeholders to access, apart from all the intersectoral synergies available, the full set of 
technical and economic information associated with their possible implementation.  

Table 5 – Resume table of variables suitable for synergy/procedure technology identification 

 

 

Once the initial filtration is performed, all information concerning dataset 2 and dataset 3 is presented sequentially 
in the excel file.  

Even though the current TDB excel file possesses basic functionalities, the database architecture and layout not 
only fulfils the objectives set for task T3.3 but also has the potential for further and future improvements, which 
can be made at different scales: 

 A new or improved interface in Excel file 
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 New software for easier end user interface 
 Connection with other industrial symbiosis databases 
 Web application with dynamic research modules 

In the current TDB format, upgrade of data can be easily done by inserting new data rows in the Excel template.  

The update of the TDB can be made by following e.g. the following procedure:  

- identify a waste stream 

- Characterise the composition of the whole flow at the receiver sector 

-  Use a matching algorithm/Strane methodology or other relevant IS tools to find a receiver industry 
type 

- Identify all characteristics required for the flow at the receiver sector 

- Search in BREF if a process which can deal with the flow is already integrated in the current process 

- productivity range pre-definition 

- Which main source to identify a technology 

- Which background is necessary to update the TDB 
-etc…. 

The template developed is prepared for upgrading on future research including alternative costs, inputs, 
outputs and the correspondent references. 

6. Conclusions and perspectives 
 

Strane methodology shown to be a very reliable methodology for the definition of new synergy types for 
intersectoral sectors. From the initial 39 Synergies almost 67 % were technically evaluated as GO. 

The technical characterization accuracy is highly dependent on the existence of full procedure or single technology 
involved in the synergy. Technical assessments on multi process procedure is normally unavailable. Assumptions 
on those cases present high uncertain results.  

Technical data on technology productivity and consumables is highly dependent on the scale used.  Better 
approximations can be obtained by productivity range pre-definition.   

Data collecting on the economic assessment variables is the biggest challenging process for quantitative 
evaluation. Data protection, dependence on technology scalability and variability on information sources were the 
biggest barriers found.   

The different taxonomy used for processes, technologies and materials identification within different databases 
limits its wider utilization. This normalization process could increase data availability for technical 
characterization.  

Concerning all data unavailable presented as N.F. in the TDB, the future acquisition by industry contact, database 
sharing and research projects can increase the accuracy of the results, better conclusions and continuous 
improvement of the TDB.   

The direct valorisation of by-products (for example sludges) is highly dependent on their chemical/ mineralogical 
composition to fill specified requirements of the receiver sector and process. Due to the variation on those by-
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product characteristics associated to raw materials used in sender process, technology /procedure identification 
are highly variable.  

It is also important to note that despite a by-product being unsuitable for certain application, for instance, raw 
material for cement production, it could be suitable for other applications with lower quality requirements within 
the sector, for instance as aggregates for concrete production. Additionally, a by-product could also be suitable as 
a raw material for a specific manufacturing process, however, the final product quality is inferior and not suitable 
for the original application. Nonetheless, a new market for these products could be unfold. 

Innovative synergies (Strane methodology) identified in D3.1 were the most challenging as no significant 
background was available. 

Indirect Synergies analysis was in the technical perspective a more exhaustive research challenge due to the 
different amount of processes involved and correspondent characterizations required. 

There is a huge potential for resource valorisation associated to the synergy type technically defined as NO/GO. 
At most of them, the resource is highly available, but technologies were not scaled, adapted or properly developed 
to valorise the resource. In some cases, there was also a lack of information regarding whether or not the 
valorisation of a by-product is possible as there are no precedents of its direct utilization on a specific receiver 
sector. In some of those cases information could be found regarding the same element of interest on the same type 
of by-product, albeit of different industrial processes, and there are general procedures/technologies that could be 
applied to a great variability of by-products (dusts, sludges, slags). In those cases, the final viability resume could 
indicate a GO. 

Even some GO results shown that technologies are commercially available and used at some industrial sites, their 
implementation is still not widely spread. Incentives and barriers should be taken into consideration on the analysis 
to improve their scalability. 

The actual TDB template and guidelines for use and update, intent to fill the gap found in terms of available tools 
to support industries, decision makers and researchers on the identification and mostly, the evaluation of the 
technical viability of IS processes.  

The TDB developed present a huge potential for R&D+i mostly associated to the barriers identified during GO 
and NO/GO synergy type technical characterization. To overcome those barriers, further research is required 
including intersectoral demonstration projects between critical sectors, a huge opportunity for future work in this 
area.      

The work presented can significantly contribute with relevant data to be included in further BREF updates, as 
well as considered as current Best Practices. 

As final remark, the results presented in this deliverable will support the final evaluation on the most promising 
synergies at European level potential evaluation.  
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manufacturers in Missouri, 25, 111–124. 

Hanagiri, S. (2008). Recent Improvement of Recycling Technology for Refractories, (98), 93–98. 

Horckmans, L., Nielsen, P., Dierckx, P., & Ducastel, A. (2019). Resources, Conservation & Recycling of 
refractory bricks used in basic steelmaking: A review. Resources, Conservation & Recycling, 140(May 
2018), 297–304. https://doi.org/10.1016/j.resconrec.2018.09.025 

REFRASORT project. Retrieved from https://cordis.europa.eu/project/rcn/110889/reporting/en 

Synergy 23 

JRC 2012 BREF Manufacture of Glass  

Synergy 24 

Global CC Institute. Retrieved from https://hub.globalccsinstitute.com/publications/51-introduction-blast-
furnace-slag-and-steel-furnace-slag-applications 
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Synergy 25 

Shoira, M. (2006). Application of defecation lime from sugar industry in Uzbekistan. 

Synergy 26 

Maheswaran, S., Kumar, V. R., & Bhuvaneshwari, B. (2011). Studies on lime sludge for partial replacement of 
cement, 78, 1015–1019. https://doi.org/10.4028/www.scientific.net/AMM.71-78.1015 

Synergy 27 

JRC 2016 BREF Non-ferrous Metals Industries 

Synergy 28 

Associate, S. S. J., & Budhgaon, P. (2017). Beneficial Reuse of Waste Foundry Sand in Concrete, 7(3), 74–95. 

Synergy 29 

Liu, X., & Zhang, N. (2011). Utilization of red mud in cement production: a review. 
https://doi.org/10.1177/0734242X11407653 

Practice, B. (2015). Bauxite Residue Management, (July). 

Synergy 30 

Ding, Y., Cheng, T., Liu, P., & Lee, W. (2017). Study on the treatment of BOF slag to replace fine aggregate in 
concrete. Construction and Building Materials, 146, 644–651. 
https://doi.org/10.1016/j.conbuildmat.2017.04.164 

911 Metallurgist. Retrieved from https://www.911metallurgist.com/cement-blast-furnace-slag-manufacturing 

Smith, M. A. (1975). The economic and environmental benefits of increased use of pfa and granulated slag, 
(March), 154–170. 

Synergy 31 

Altek. Retrieved from https://www.altek-al.com/index.html 

JRC 2016 BREF Non-ferrous Metals Industries  

JRC 2013 BREF Production of Cement, Lime and Magnesium Oxide 

Reuter, M., Xiao, Y., and Boin, U. (2004). Recycling and Environmental Issues of Metallurgical Slags and Salt 
Fluxes. VII International Conference on MoltenSlags Fluxes and Salts, 349–356. 

Synergy 32 

Altek. Retrieved from https://www.altek-al.com/index.html 

JRC 2016 BREF Non-ferrous Metals Industries  
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JRC 2012 BREF Manufacture of Glass 

Reuter, M., Xiao, Y., and Boin, U. (2004). Recycling and Environmental Issues of Metallurgical Slags and Salt 
Fluxes. VII International Conference on MoltenSlags Fluxes and Salts, 349–356. 

Synergy 33 

Bunge, R. (2015). RECOVERY OF METALS FROM WASTE INCINERATOR BOTTOM ASH. 

Synergy 34 

Nomura, T., Yamamoto, N., Fujii, T., & Takiguchi, Y. (2015). Beneficiation Plants and Pelletizing Plants for 
Utilizing Low Grade Iron Ore, (33), 8–15. 

Report 2015 BOTTOM ASH FROM WTE PLANTS METAL RECOVERY AND. (2015), 1–30. 

Synergy 35 

Tossavainen, M., Engstrom, F., Yang, Q., & Menad, N. (2007). Characteristics of steel slag under different cooling 
conditions, 27, 1335–1344. https://doi.org/10.1016/j.wasman.2006.08.002 

Tsakiridis, P. E., Papadimitriou, G. D., Tsivilis, S., & Koroneos, C. (2008). Utilization of steel slag for Portland 
cement clinker production Utilization of steel slag for Portland cement clinker production, (May). 
https://doi.org/10.1016/j.jhazmat.2007.07.093 

Synergy 36 

Dastgheib, S. A., Salih, H., Li, J., & Patterson, C. (2018). Reuse of Water Utility Lime Sludge for Flue Gas 
Desulfurization in Coal-Fired Power Plants: Part II. Lime Sludge Characterization and Mercury Reemission. 
https://doi.org/10.1021/acs.energyfuels.8b00824 

Hotza, D., Labrincha, J. A., Montedo, O. R. K., Federal, U., Catarina, D. S., Federal, U., Catarina, D. S., & Aveiro, 
U. De. (2018). Wastes from pulp and paper mills - a review of generation and recycling alternatives 
(Resíduos da produção de papel e celulose - uma revisão), 64, 443–453. 

Löschau, M., & Karpf, R. (n.d.). Flue Gas Treatment – State of the Art. 

Synergy 37 

JRC 2016 BREF Non-ferrous Metals Industries 

Rütten, J., Frias, C., Diaz, G., Martin, D., Sanchez, F., & Reunidas, T. (n.d.). Processing EAF Dust Through Waelz 
Kiln and ZINCEX TM Solvent Extraction: The Optimum Solution, 1673–1688. 

Synergy 38 

Agency, U. S. E. P. (1984). Benzene Emissions from Coke By-product Recovery Plants, Background Information 

for Revised Proposed Standards: Environmental Impact Statement. 

EMIS. Retrieved from https://emis.vito.be/en/techniekfiche/gas-scrubbing-general 
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JRC 2012 BREF Iron and Steel Production  

Synergy 39 

Almirall, B. X. (2009). Introduction to Wet Sulfuric Acid Plants Optimization Through Exergoeconomics 
Kurzfassung, (June). 

Iron and Steel Production in France. (2015). Scientific American, 44(1143supp), 18268–18268. 
https://doi.org/10.1038/scientificamerican11271897-18268csupp 

Rosenberg, H. (2006). Topsoe wet gas sulphuric acid (WSA) technology—an attractive alternative for reduction 
of sulphur emissions from furnaces and converters. … Platinum Conference “Platinum Surges Ahead”, The 

…, 191–198. Retrieved from http://www.basemetals.org/Pt2006/Papers/191-198_Rosenberg.pdf 

Synergy 40 

JRC 2016 BREF Non-ferrous Metals Industries 

Synergy 41 

Bunge, R. (2015). RECOVERY OF METALS FROM WASTE INCINERATOR BOTTOM ASH. 

Synergy 42 

Hu, G., Li, J., & Zeng, G. (2013). Recent development in the treatment of oily sludge from petroleum industry: A 

review. Journal of Hazardous Materials (Vol. 261). Elsevier B.V. 
https://doi.org/10.1016/j.jhazmat.2013.07.069 

Synergy 43 

Hawker, W., Vaughan, J., Jak, E., & Hayes, P. C. (2018). The Synergistic Copper Process concept. Mineral 

Processing and Extractive Metallurgy: Transactions of the Institute of Mining and Metallurgy, 127(4), 210–
220. https://doi.org/10.1080/03719553.2017.1375768 

911 Metallurgy. Retrieved from https://www.911metallurgist.com/electrowinning/ 

Synergy 44 

Perindustrian, M., & Ariffin, K. S. (2004). What is Silica ?, 1–7. 

Synergy 45 

Zhou, J., Hao, S., Huang, W., Mu, X., Yang, J., & Liu, W. (2014). Recycling sodium dichromate in sodium 
chlorate crystallization mother liquor by nanofiltration membrane, 9(12), 581–585. 
https://doi.org/10.5897/SRE2014.5981 

Synergy 46 

Mordoǧan, H., Çïçek, T., & Işik, A. (1999). Caustic soda leach of electric arc furnace dust. Turkish Journal of 

Engineering and Environmental Sciences, 23(3), 199–207. 
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Synergy 47 

JRC 2012 BREF Iron and Steel Production  

Synergy 48 

JRC 2012 BREF Iron and Steel Production  

Synergy 49 

JRC 2012 BREF Iron and Steel Production  

JRC 2006 BREF Waste Incineration  

Synergy 50 

The use of limestone powder as an alternative cement replacement material: an experimental study. Wendimu 
Gudissa and Abebe Dinku Department of Civil Engineering. (2010), 27. 

Prevention, I. P. (2007). Large Volume Inorganic Chemicals - Solids and Others industry, I(August). 

Synergy 51 

JRC 2006 BREF Waste Incineration 

Quina, M. J., Bordado, J. C., & Quinta-Ferreira, R. M. (2008). Treatment and use of air pollution control residues 
from MSW incineration: An overview. Waste Management, 28(11), 2097–2121. 
https://doi.org/10.1016/j.wasman.2007.08.030 

Synergy 52 

Bonner, F. J., & Donatelli, A. A. (2001). University of Massachusetts Lowell Diffusion Dialysis and Acid 
Recovery in Metal Operations Toxics use Reduction Institute University Research in Sustainable. 

Cullivan, J., & Cullivan, B. Economic and Chemical Comparisons of Hydrochloric Acid Recovery Technologies 
for Iron Pickling Operations, 1–12. 

Eco-Tec. Retrieved from https://www.eco-tec.com/products/hydrometallurgy/nickel-cobalt-recovery-system-for-
copper-refinery/ 

Khan, M. I., Wu, L., Hossain, M., Pan, J., Ran, J., Mondal, A. N., & Xu, T. (2015). Preparation of diffusion 
dialysis membrane for acid recovery via a phase-inversion method, 5, 365–378. 

Milestones. Retrieved from https://milestonesci.com/acid-purification-systems/ 

Recycling, A., Plating, E., Saving, C., Dialysis, D., & Law, T. HCl Acid Recycling Case Study. 

Savillex. Retrieved from https://www.savillex.com/ 

Savillex. DST-1000 Acid Purification System DST-1000 Acid Purification System. 
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Savillex. DST-4000 Acid Purification System DST-4000 Acid Purification System. 

Synergy 53 

Ayres, D. M., Davis, A. P., & Gietka, P. M. (1994). Removing Heavy Metals from Wastewater, (August). 

Barthe, P., Chaugny, M., & Roudier, S. (2015). Best Available Techniques ( BAT ) Reference Document for the 

Refining of Mineral Oil and Gas Prevention and Control ). https://doi.org/10.2791/010758 

Cole, P. M., Sole, K. C., & Cole, P. M. (2017). Mineral Processing and Extractive Metallurgy Review Zinc solvent 
extraction in the process industries, 7508(November). https://doi.org/10.1080/08827500306897 

Cusano, G., Rodrigo Gonzalo, M., Farrell, F., Remus, R., Roudier, S., & Delgado Sancho, L. (2017). Best 

Available Techniques (BAT) Reference Document for the Non-Ferrous Metals Industries - Industrial 

Emissions Directive 2010/75/EU (Integrated Pollution Prevention and Control). 
https://doi.org/doi:10.2760/8224 

Engineering, R. (2000). ALUMINUM RECOVERY, 13–16. 

Tsakiridis, P. E., Oustadakis, P., & Katsiapi, A. (2010). Hydrometallurgical process for zinc recovery from electric 
arc furnace dust (EAFD). Part II: Downstream processing and zinc recovery by electrowinning. Journal of 

Hazardous Materials, 179(1–3), 8–14. https://doi.org/10.1016/j.jhazmat.2010.04.004 

Synergy 54 

Brinkmann, Thomas; Santonja, Germán Giner; Yükseler, Hande; Roudier, Serge; Sancho, L. D. (2016). Industrial 

Emissions Directive 2010/75/EU (Integrated Pollution Prevention and Control). 

Environmental Protection Agency. (2000). Wastewater Technology Fact Sheet. United States Environmental 

Protection Agency, 1–7. https://doi.org/EPA 832-F-99-062 

Kinidi, L., Ai, I., Tan, W., Binti, N., Wahab, A., Fikri, K., Tamrin, B., Hipolito, C. N., & Salleh, S. F. (2018). 
Recent Development in Ammonia Stripping Process for Industrial Wastewater Treatment, 2018. 

Synergy 55 

Brinkmann, Thomas; Santonja, Germán Giner; Yükseler, Hande; Roudier, Serge; Sancho, L. D. (2016). Industrial 

Emissions Directive 2010/75/EU (Integrated Pollution Prevention and Control). 

Environmental Protection Agency. (2000). Wastewater Technology Fact Sheet. United States Environmental 

Protection Agency, 1–7. https://doi.org/EPA 832-F-99-062 

Kinidi, L., Ai, I., Tan, W., Binti, N., Wahab, A., Fikri, K., Tamrin, B., Hipolito, C. N., & Salleh, S. F. (2018). 
Recent Development in Ammonia Stripping Process for Industrial Wastewater Treatment, 2018. 

Synergy 56 

Barthe, P., Chaugny, M., & Roudier, S. (2015). Best Available Techniques (BAT) Reference Document for the 

Refining of Mineral Oil and Gas Prevention and Control). https://doi.org/10.2791/010758 

Cole, P. M., Sole, K. C., & Cole, P. M. (2017). Mineral Processing and Extractive Metallurgy Review Zinc solvent 
extraction in the process industries, 7508(November). https://doi.org/10.1080/08827500306897 
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Cusano, G., Rodrigo Gonzalo, M., Farrell, F., Remus, R., Roudier, S., & Delgado Sancho, L. (2017). Best 

Available Techniques (BAT) Reference Document for the Non-Ferrous Metals Industries - Industrial 

Emissions Directive 2010/75/EU (Integrated Pollution Prevention and Control). 
https://doi.org/doi:10.2760/8224 

Barthe, P., Chaugny, M., & Roudier, S. (2015). Best Available Techniques ( BAT ) Reference Document for the 

Refining of Mineral Oil and Gas Prevention and Control ). https://doi.org/10.2791/010758 

Tsakiridis, P. E., Oustadakis, P., & Katsiapi, A. (2010). Hydrometallurgical process for zinc recovery from electric 
arc furnace dust (EAFD). Part II: Downstream processing and zinc recovery by electrowinning. Journal of 

Hazardous Materials, 179(1–3), 8–14. https://doi.org/10.1016/j.jhazmat.2010.04.004 

Synergy 57 

Engineering, R. (2000). ALUMINUM RECOVERY, 13–16. 

JRC 2016 BREF Non-ferrous Metals Industries 

Petruzzelli, D., Limoni, N., Tiravanti, G., & Passino, R. (1998). Aluminum recovery from water clarifier sludges 
by ion exchange Comparison of strong and weak electrolyte cation resins performances, 38, 227–236. 

Synergy 58 

Bonner, F. J., & Donatelli, A. A. (2001). University of Massachusetts Lowell Diffusion Dialysis and Acid 
Recovery in Metal Operations Toxics use Reduction Institute University Research in Sustainable. 

Cullivan, J., & Cullivan, B. (n.d.). Economic and Chemical Comparisons of Hydrochloric Acid Recovery 
Technologies for Iron Pickling Operations, 1–12. 

Eco-Tec. Retrieved from https://www.eco-tec.com/products/hydrometallurgy/nickel-cobalt-recovery-system-for-
copper-refinery/ 

Khan, M. I., Wu, L., Hossain, M., Pan, J., Ran, J., Mondal, A. N., & Xu, T. (2015). Preparation of diffusion 
dialysis membrane for acid recovery via a phase-inversion method, 5, 365–378. 

Milestones. Retrieved from https://milestonesci.com/acid-purification-systems/ 

Recycling, A., Plating, E., Saving, C., Dialysis, D., & Law, T. HCl Acid Recycling Case Study. 

Savillex. Retrieved from https://www.savillex.com/ 

Savillex. DST-1000 Acid Purification System DST-1000 Acid Purification System. 

Savillex. DST-4000 Acid Purification System DST-4000 Acid Purification System. 

Synergy 59 

Bunge, R. (2015). RECOVERY OF METALS FROM WASTE INCINERATOR BOTTOM ASH. 
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Synergy 60 

Costa, I., & Ferrão, P. (2010). A case study of industrial symbiosis development using a middle-out approach, 18, 
984–992. https://doi.org/10.1016/j.jclepro.2010.03.007 

Kominko, H., Gorazda, K., & Wzorek, Z. (2017). The Possibility of Organo-Mineral Fertilizer Production from 
Sewage Sludge The Possibility of Organo-Mineral Fertilizer Production from Sewage Sludge. Waste and 

Biomass Valorization, 0(0), 0. https://doi.org/10.1007/s12649-016-9805-9 

Kominko, H., Gorazda, K., Wzorek, Z., & Wojtas, K. (2017). Sustainable Management of Sewage Sludge for the 
Production of Organo-Mineral Fertilizers. Waste and Biomass Valorization, 0(0), 0. 
https://doi.org/10.1007/s12649-017-9942-9 

Synergy 61 

Herbold Meckesheim. Retrieved from https://www.herbold.com/ 

Vito and Bio. Fact sheet E6 - Mechanical Recyling of Plastics. 

WOŹNIAK, K. (2013). Plastic blasting and deflashing media in shot blasting treatment, (12). 

Synergy 62 

Baeshen, N. A., Baeshen, M. N., Sheikh, A., Bora, R. S., Ahmed, M. M. M., Ramadan, H. A. I., Saini, K. S., & 
Redwan, E. M. (2014). Cell factories for insulin production, 1–9. 

SUSTAINABLE INDUSTRIAL DESIGN AND WASTE MANAGEMENT. Retrieved from 
https://www.elsevier.com/books/sustainable-industrial-design-and-waste-management/el-haggar/978-0-
12-373623-9 

Beckman. Retrieved from https://www.beckman.pt/centrifuges/high-speed/avanti-j-hc 

Synergy 63 

Adriano, R., & Maura, M. (2003). European Patent EP1314710 - A Process of maturing and stabilizing biomasses 
under reduction of smelling emissions. 

Synergy 64 - NO REF 

Synergy 65 

Lunt, R. R., & Cunic, J. D. (2000). Profiles in Flue Gas Desulfurization. American Institute of Chemical 
Engineers. https://doi.org/10.1002/9780470935446 

Synergy 66 

Cunico, L., Dircetti, G., Dondi, M., Ercolani, G., Guarini, G., Mazzanti, F., Raimondo, M., Ruffini, A., & Venturi, 
I. (2003). Steel Slag Recycling in Clay Brick Production, (January). 

Synergy 67 - NO REF 
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Synergy 68 

Sheng, J., Huang, B. X., Zhang, J., Zhang, H., Sheng, J., Yu, S., & Zhang, M. (2003). Production of glass from 
coal fly ash q, 82, 181–185. 

Technical, I. (n.d.). Journal of Environmental Science and Health, Part A: Toxic / Hazardous Substances and 
Environmental Engineering. The Recycling of the Coal Fly Ash in Glass Production, (December 2014), 37–
41. https://doi.org/10.1080/10934520600779208 

Synergy 69 

Luo, Y., Zheng, S., Ma, S., Liu, C., & Wang, X. (2018). Ceramic tiles derived from coal fly ash: Preparation and 
mechanical characterization Ceramic tiles derived from coal fly ash: Preparation and mechanical 
characterization. Ceramics International, 43(15), 11953–11966. 
https://doi.org/10.1016/j.ceramint.2017.06.045 

Oueralt, I., Ouerol, X., Lopez-Soler, A., & Plana, F. (1997). Use of coal fly ash for ceramics: a case study for a 
large Spanish power station, 76(8), 787–791. 

Synergy 70 

Chironna, R. J. (2011). Wet scrubbing of acidic gases, (June). 

CIBO Estimated Capital Costs For Air Pollution Control Equipment For Coal-Fired Industrial Boilers. 

Directive, I. E. (2016). Industrial Emissions Directive 2010/75/EU (Integrated Pollution Prevention and Control). 

JRC 2018 BREF Waste Treatment 

Monroe Environmental. Retrieved from https://www.monroeenvironmental.com/portfolio-items/wet-scrubber-
treats-hcl-cl2-from-rto/ 

Taylor, P., & Baasel, W. D. (2012). Capital and Operating Costs of Wet Scrubbers, (October 2014), 37–41. 
https://doi.org/10.1080/08940630.1988.10466384 

Synergy 71 

Hait, J., Jana, R. K., & Sanyal, S. K. (2012). Processing of copper electrorefining anode slime: a review. Mineral 

Processing and Extractive Metallurgy, 118(4), 240–252. https://doi.org/10.1179/174328509x431463 

JRC 2016 BREF Non-ferrous Metals Industries 

JRC 2014 BREF Refining of Mineral Oil and Gas  

Seisko, S., Aromaa, J., Latostenmaa, P., Forsen, O., Wilson, B., & Lundstrom, M. (2017). Pressure leaching of 
decopperized copper electrorefining anode slimes in strong acid solution. Physicochemical Problems of Mineral 

Processing, 53(1), 465–474. https://doi.org/10.5277/ppmp170136 

The, O., Quality, R., & Palladium, O. F. (2011). CONTENTS CONTENTS, (September), 193–196. 
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Synergy 72 

Manskinen, K., Nurmesniemi, H., & Pöykiö, R. (2011). Total and extractable non-process elements in green liquor 
dregs from the chemical recovery circuit of a semi-chemical pulp mill. Chemical Engineering Journal, 
166(3), 954–961. https://doi.org/10.1016/j.cej.2010.11.082 

Mäkelä, M., Geladi, P., Grimm, A., Dahl, O., Pietiläinen, A., & Larsson, S. H. (2016). Cyclone processing of 
green liquor dregs (GLD) with results measured and interpreted by ICP-OES and NIR spectroscopy, 304, 
448–453. https://doi.org/10.1016/j.cej.2016.06.107 

Steen, C. (2016). Separation and Utilization of Solid Residue Streams from Kraft Pulp Mills. 

Universitatis, A. (n.d.). Novel treatment methods for green liquor dregs and enhancing circular novel treatment 
methods for green liquor dregs and enhancing circular. 

Vakkilainnen, E. K. (n.d.). The Kraft chemical recovery process, 1–8. 

Synergy 73 

Barakat, M. A., Mahmoud, M. H. H., & Mahrous, Y. S. (2006). Recovery and separation of palladium from spent 
catalyst, 301, 182–186. https://doi.org/10.1016/j.apcata.2005.11.028 

Gaugler, R. . (1963). United States Patent Office 2997744, 1–2. 

JRC 2014 BREF Refining of Mineral Oil and Gas  

Pietrelli, L., & Fontana, D. (2013). Automotive spent catalysts treatment and platinum recovery Loris Pietrelli * 
and Danilo Fontana, (February 2015). https://doi.org/10.1504/IJEWM.2013.051845 

Nikoloski, A. N., & Ang, K. Mineral Processing and Extractive Metallurgy Review: An International Review of 
the Application of Ion Exchange Resins for the Recovery of Platinum-Group Metals From Hydrochloric 
Acid Solutions, (February 2014), 37–41. https://doi.org/10.1080/08827508.2013.764875 

Synergy 74 

Hait, J., Jana, R. K., & Sanyal, S. K. (2012). Processing of copper electrorefining anode slime: a review. Mineral 

Processing and Extractive Metallurgy, 118(4), 240–252. https://doi.org/10.1179/174328509x431463 

JRC 2016 BREF Non-ferrous Metals Industries 

JRC 2014 BREF Refining of Mineral Oil and Gas  

Nagai, H., Shibata, E., & Nakamura, T. (2017). Development of methods for concentration and dissolution of Rh 
and Ru from copper slime. Hydrometallurgy, 169, 282–289. 
https://doi.org/10.1016/J.HYDROMET.2017.01.004 

Seisko, S., Aromaa, J., Latostenmaa, P., Forsen, O., Wilson, B., & Lundstrom, M. (2017). Pressure leaching of 
decopperized copper electrorefining anode slimes in strong acid solution. Physicochemical Problems of 

Mineral Processing, 53(1), 465–474. https://doi.org/10.5277/ppmp170136 
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Synergy 75 

Brenna, J. (1994). United States Patent 19 11 Patent Number: 45. 

Cusano, G., Rodrigo Gonzalo, M., Farrell, F., Remus, R., Roudier, S., & Delgado Sancho, L. (2017). Best 

Available Techniques (BAT) Reference Document for the Non-Ferrous Metals Industries - Industrial 

Emissions Directive 2010/75/EU (Integrated Pollution Prevention and Control). 
https://doi.org/doi:10.2760/8224 

Kagaya, S., Gemmei-ide, M., & Inoue, Y. (2014). Chelating Resins, 1–10. https://doi.org/10.1007/978-3-642-
36199-9 

Synergy 76 - NO REF 

Synergy 77 - NO REF 

Synergy 78 

JRC 2017 BREF Production of Large Volume Organic Chemicals  

Synergy 79 

JRC 2017 BREF Production of Large Volume Organic Chemicals  

Synergy 80 

JRC 2017 BREF Production of Large Volume Organic Chemicals  

JRC 2018 BREF Waste Treatment 

Synergy 81 

Brinkmann, Thomas; Santonja, Germán Giner; Yükseler, Hande; Roudier, Serge; Sancho, L. D. (2016). Industrial 

Emissions Directive 2010/75/EU (Integrated Pollution Prevention and Control). 

Koch Modular. Retrieved from https://kochmodular.com/ 

Synergy 82 

JRC 2017 BREF Large Combustion Plants  

JRC 2014 BREF Production of Pulp, Paper and Board 

JRC 2006 BREF Waste Incineration 

Synergy 83 

Feature, S., Article, O., & Management, W. (2009). Combustion kinetics of sewage sludge and combustible 
wastes, 203–207. https://doi.org/10.1007/s10163-009-0251-7 

JRC 2017 BREF Large Combustion Plants  
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Synergy 84 

Feature, S., Article, O., & Management, W. (2009). Combustion kinetics of sewage sludge and combustible 
wastes, 203–207. https://doi.org/10.1007/s10163-009-0251-7 

JRC 2017 BREF Large Combustion Plants  

Synergy 85 

JRC 2014 BREF Refining of Mineral Oil and Gas  

Synergy 86 

JRC 2005 BREF Slaughterhouses and Animals By-products Industries 

Synergy 87 

 JRC 2013 BREF Production of Cement, Lime and Magnesium Oxide 

JRC 2014 BREF Production of Pulp, Paper and Board 

JRC 2006 BREF Waste Incineration 

Synergy 88 

Brinkmann, Thomas; Santonja, Germán Giner; Yükseler, Hande; Roudier, Serge; Sancho, L. D. (2016). Industrial 

Emissions Directive 2010/75/EU (Integrated Pollution Prevention and Control). 

Koch Modular. Retrieved from https://kochmodular.com/ 

Synergy 89 
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