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Abstract: The recovery of waste heat is a fundamental means of achieving the ambitious medium-
and long-term targets set by European and international directives. Despite the large availability
of waste heat, especially at low temperatures (<250 °C), the implementation rate of heat recovery
interventions is still low, mainly due to non-technical barriers. To overcome this limitation, this work
aims to develop two distinct databases containing waste heat recovery case studies and technologies
as a novel tool to enhance knowledge transfer in the industrial sector. Through an in-depth analysis of
the scientific literature, the two databases’ structures were developed, defining fields and information
to collect, and then a preliminary population was performed. Both databases were validated by
interacting with companies which operate in the heat recovery technology market and which are
possible users of the tools. Those proposed are the first example in the literature of databases
completely focused on low-temperature waste heat recovery in the industrial sector and able to
provide detailed information on heat exchange and the technologies used. The tools proposed are
two key elements in supporting companies in all the phases of a heat recovery intervention: from
identifying waste heat to choosing the best technology to be adopted.

Keywords: waste heat recovery; low-temperature waste heat; database development; industrial
sustainability

1. Introduction and Background

The European Union (EU) is fighting climate change through ambitious policies.
Reductions in greenhouse gas emissions have reached the 2020 target. The new European
Commission proposal to cut greenhouse gas emissions by at least 55% by 2030 sets Europe
on a responsible path to becoming climate neutral by 2050.

One of the most significant contributions towards meeting the EU 2050 target is to
expand the use of renewable energy solutions: an increased optimization and development
in hydropower [1,2], wind power [3-5], solar energy [6,7], energy storage [8-11], and an
increased share of these technologies in the energy mix are essential for a sustainable energy
transition.

An equally important contribution is the improvement in energy efficiency, especially
in those sectors with high energy consumption.

Waste heat recovery (WHR) is a key element of this endeavour. It consists of recovering
heat from waste energy flows and reusing it directly or converting it into other forms of
energy. Many sectors are involved, in particular the industrial sector, the transport sector,
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the power generation sector, and the urban sector (urban WHR), which are all characterized
by a large availability of waste heat and still unexploited potential [12].

EU policies have highlighted the evidence of this opportunity, thanks to which several
European projects such as Einstein and Einstein II [13,14], Greenfoods [15], and sEEner-
gies [16] have been developed. In addition to the development of useful support tools, all
these projects have had the great merit of emphasizing the unexpressed potential of waste
heat recovery.

From the need to reduce the gap between the availability of waste heat and its recovery
rate, several important recent studies have focused on different aspects of heat recovery:
quantification and estimation of available waste heat [12,17], perspectives of matching
supply demand [18], analysis and development of technologies for heat recovery [19],
and the opportunities for reusing the heat recovered. Concerning this final aspect, two
main ways have been identified to reuse the recovered heat: internal uses, when the
recovered heat is reused inside the system in which the heat is recovered, or external uses,
where the recovered heat is used externally, such as industrial symbiosis [20] and district
heating networks [21,22], for example from urban waste heat. An important contribution to
achieving the 2050 climate goal can derive from both internal and external improvements,
considering the availability of several options to utilize these unused heat resources [21].

One of the most important factors in evaluating the feasibility of a waste heat recovery
intervention depends on the temperature at which the heat is available. The temperature de-
termines the quality of waste heat and strongly influences both the applicable technologies
and the economic practicability of its recovery.

There are no particular barriers to heat recovery at high temperatures: this process is
more feasible, mainly due to the availability of more mature technologies and the greater
energetic efficiencies involved, which results in a more immediate economic return.

As regards WHR at low temperatures, commonly defined as the waste heat available
at a temperature lower than 200-250 °C [23], the situation is different; due to its low exergy,
low-grade waste heat is more difficult to use [24].

The industrial sector boasts one of the greatest availabilities of waste heat at low
temperatures. According to [24], 66% of the total waste heat in the industry is available at a
temperature below 200 °C.

To make the most of this important resource, in the last decade, many low-grade
heat recovery technologies have been developed. Nowadays, the market offers various
consolidated technologies such as organic Rankine Cycles (ORC), heat pumps (HP), various
heat exchangers, and many other technologies under development.

Nevertheless, the number of WHR applications in the industrial sector is still limited,
even though industrial waste heat at low temperatures is abundantly available and the
technologies for its use are mature. This misalignment between supply and demand is
primarily due to technical, informative, economic, and organizational barriers [18,25,26].
In this regard, Figure 1 shows a schematic representation of the most frequent barriers
found in the literature to low-grade waste heat recovery.

Among the various barriers identified, the lack of knowledge and the absence of
support tools significantly influence WHR technologies’ diffusion [27-29].

The work presented in this article aims to create support tools focused on heat recovery
at low temperatures in the industrial sector. It is part of a three-year project aiming to
increase the spread of WHR applications in the industrial scenario by preventing non-
technological barriers. This article focuses on the design and construction of two databases
regarding technologies and case studies for low-temperature WHR. These tools represent
two key elements of an information system developed within the scope of a broader
research project, whose final aim is to develop a software tool supporting the industrial
companies in all phases involved in the planning of WHR projects, from the identification
of waste heat flows to the selection of the best technological solution for its reuse.



Sustainability 2021, 13, 5223

30f19

Waste heat recovery barriers

}

(" Technical

*Waste heat requires
specific characteristics
(temperature, flow
rate, etc.)

*Space limitation; connecting waste heat technologies; *Lack of proper

*Mismatch between recovery to other *Inherentrisk and knowledge of the
waste heat and energy policies; uncertainties; benefits of heat
demand; «Difficulty in obtaining | |+Lack of internal recovery

*System configuration incentives; expertise;
design; . -

\ ) &Lack of tax breaks; ) \_ AR y

") ((Economicaland "\ (" Organizational |  Information )
Regulatory
*Long payback period;

*Involvement of
different stakeholders;

*Resistance to
unproven new

*Lack of support tools;

*Lack of proper
knowledge of current
recovery technologies;

*High capital cost;
*Lack of mechanism

Figure 1. Technical, economic, regulatory and information barriers to low-grade waste heat recovery and utiliza-

tion [18,25,26].

In recent years, other projects have developed databases aimed at overcoming non-
technical barriers to the diffusion of energy efficiency measures. EU-MERCI [30] is a
Horizon 2020 European project aimed at spreading the existing knowledge about energy
efficiency in the industry. One of the most significant outputs of the EU-MERCI project
is developing a platform that makes available a database containing energy efficiency
projects. The database contains almost three thousand projects put in place in different EU
countries [31].

Another tool which has been proposed by the Industrial Assessment Centers (IAC) is
an available online database containing a collection of all the publicly available industrial
energy assessment and recommendation data. The database includes information on
the type of facility assessed (size, industry, energy usage, etc.) and details of resulting
recommendations (type, energy and economic savings, etc.) [32]. In March 2021, the
IAC database contains 19,444 assessments (from United States manufacturer) and 146,405
recommendations.

The MAESTRI project [33] intends to develop an innovative and integrated platform
combining holistic efficiency assessment tools, a novel management system, and an innova-
tive approach for industrial symbioses implementation. One of its most significant outputs
is the creation of a waste database to support the identification of the potential (re)use of
waste energy flows.

The Solar Heat for Industrial Processes (SHIP) database [34] has been created in
the IEA Task 49/1V framework. This online database contains a worldwide overview of
existing solar thermal plants, which provide thermal energy for production processes for
different industrial sectors. Each record contains information about the collector field’s
size, collector technology, or integration point in the production process.

The “Matrix of Industrial Process Indicators” is an online database constantly being
developed in various projects by the AEE—Institute for Sustainable Technologies (AEE IN-
TEC) advisors [35]. The database is designed as a decision support tool to help the industry
concerning energy efficiency and to aid the identification of suitable solar applications.

Although the illustrated tools are dense with information, they will not completely
overcome all the gaps identified above for WHR technologies’ diffusion. IAC, EU-MERC]I,
and “Matrix of Industrial Process Indicators” databases contain numerous applications
but do not provide detailed information on the technologies used. Furthermore, IAC and
EU-MERCI databases are based only on a subset of projects and refer to a single specific
geographical area: the United States and Europe, respectively. The MAESTRI and the SHIP
databases are focused only on specific applications such as external uses of waste heat and
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solar thermal plant recovery applications. All these databases are not exclusively focused
on WHR.

Our objective was to create innovative, complete, and easy-to-use tools able to over-
come the gaps still not completely resolved by those previously developed. The integrated
tools proposed in this article are the first example in the literature of databases completely
focused on low-temperature WHR in the industrial sector. They are built to provide com-
panies with the basis for a comprehensive assessment of their possibilities in heat recovery.
They include detailed information on heat exchange and the technologies used. They have
been designed to be populated with data from different sources, including inspections,
interviews, energy audits, catalogs, and scientific articles. Compared to the other tools
present in the literature, they are not specific to a single geographical area.

The paper discusses the design and the implementation of two different databases
supporting the decision-making process for implementing WHR systems in industrial
facilities: the Technology database and the Case study database. The former provides an insight
into both well-established and emerging technologies for low-temperature WHR, while
the latter analyzes some of the best practice examples of WHR in industrial processes.
Although the two databases are conceived as separate tools, they can also interact with
each other due to a common structure.

The following sections describe all the phases that led to the development of the two
different tools. Moreover, an analysis of the preliminary population results and a practical
example of their possible use are reported.

2. Database Design Methodology

The first step in developing the databases was the definition of the state-of-the-art of
low-temperature waste heat recovery technologies and applications in industrial processes.

On a preliminary basis, we focused our attention on the classification of waste heat
depending on temperature levels, in order to set the quantitative boundaries of the study
and to define the scope of the databases.

Different classifications of waste heat according to temperature ranges can be found
in technical literature [36,37]. In this work, reference was made to a classification based on
five temperature ranges proposed by the U.S. Department of Energy (DOE) by [23] and
summarized in Table 1.

Table 1. Classification of waste heat according to temperature level [23].

Range of Waste Heat Temperature
Ultra-low temperature <120 °C
Low temperature 120-230 °C
Medium temperature 230-650 °C
High temperature 650-870 °C
Ultra-high temperature >870 °C

As previously stated, in line with the research project’s objectives, attention was
focused on ultra-low and low-temperature waste heat.

The next step concerned the design and development of the databases: the Technology
database and the Case study database. As already highlighted, they have been designed as
two distinct tools, but in order to facilitate the data exchange and, thus, the integrated use
of the databases, a standard procedure was set up for their implementation.

The procedure is divided into four macro-phases:

1. Analysis of the reference context: preliminary analysis of the reference scenario and
formulation of the research keywords.

2. Analysis of the scientific literature: search and preliminary analysis of the literature
sources, to select the most representative studies to be used as input for the definition
of the database structure.
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3. Definition of the database structure: in this phase, thanks to the results of the literature
analysis, the database fields and the information to be collected are defined.

4. Population of the database: the last phase involves further analysis of the sources found
and their use for the database’s preliminary population.

Figure 2 schematically shows the main phases involved in the database development
process.

Analysis of the reference context @
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I

Definition of the database
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|
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@

Figure 2. Graphical representation of the main phases for the creation of the two databases.

For both databases, the analysis of the context and the bibliographic research carried
out provided the fundamental inputs for implementing the subsequent phases.

In order to define the preliminary structure, the articles revealed during the biblio-
graphic research conducted were analyzed. Among the available sources, those containing
the most significant amount of information on WHR technologies at low and ultra-low
temperatures and their application in heat recovery from industrial processes were selected.
The detailed analysis of these references made it possible to understand what informa-
tion must be collected to adequately characterize WHR technologies and applications.
In addition, similar existing databases from the literature were taken as a reference, in
particular, the MAESTRI database [33] concerning industrial symbiosis (a WHR process is
similar in terms of information to an exchange of materials, energy, or products between
different industrial plants), and the EUMERCI database [30] containing energy efficiency
case studies (including WHR interventions). Although focused on different topics, these
tools have common traits in terms of type of information contained.

After defining the structure of the databases, all the sources detected were further
analyzed to be used for the preliminary population of the two tools. A first evaluation was
carried out, matching the document’s content with the project’s boundaries:

e  WHR case studies and technologies at ultra-low and low temperatures (temperature
lower than 230 °C);

e  Relevance and applicability to the industrial sector (for example, applications in the
residential sector were not considered).

Then, a further screening was carried out to identify the studies in which most of the
information required by the database fields was available (at least information relating
to the waste heat characterization, applicability of the technologies, and reuse of the heat
recovered); finally, data were collected and used for database population.

After performing the four steps, both databases were subjected to a validation pro-
cedure, thanks to the interaction with important stakeholders, such as WHR technology
producers and companies operating in the industrial sector as possible users of the tools.
The validation procedure mainly concerned three aspects:
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1.  Test the effectiveness of the two databases in containing all the information neces-
sary to adequately characterize the various technologies (Technology database) and
applications (Case study database);

2. Verify the correctness of the data contained in the databases and evaluate the cor-
respondence of the information collected, in terms of technologies available and
effective applications in the industrial scenario;

3.  Test the usability of the tools in their role of supporting the identification of heat
recovery opportunities.

The databases’ development, which is presented in the following section, results from
several interactions. In fact, the numerous feedbacks received through the interaction with
the main stakeholders were then used to make the appropriate changes to the structure of
the two databases.

3. The Technology Database
3.1. Analysis of the Reference Context

As suggested by [36], technologies used to recover waste heat from industry can be
categorized depending on how the waste heat is reused: it can be used directly (at the same
or at a lower temperature level), or it can be transformed to another form of energy or to a
higher temperature.

We can identify four macro-categories:

1.  Waste Heat to Heat: technologies through which the waste heat recovered is used to
produce thermal energy at a higher temperature level (heat pumps, mechanical vapor
compression, absorption heat pumps, etc.).

2. Waste Heat to Cold: technologies that utilize the waste heat recovered to produce
cooling energy (absorption and adsorption chiller, etc.).

3. Waste Heat to Power: technologies that convert the waste heat recovered to electricity
(organic Rankine cycles, Kalina cycles, etc.).

4. Heat Exchange: technologies through which the waste heat recovered is used directly
at the same or a lower temperature. Heat exchangers and thermal energy storage are
the two dominant technologies of this category.

To define an appropriate structure of the Technology database, it was first necessary
to delineate a detailed state-of-the-art regarding the technologies for low-grade WHR
currently available. Thanks to the analysis of some important scientific literature contribu-
tions [18,19,23,26,36], it was possible to define a general framework of both consolidated
(typically adopted in the industry) and emerging (developed and tested at the laboratory
or pilot scale) technologies.

Table 2 shows some of the main technologies divided by type of recovery and temper-
ature level within the research project’s boundaries.

Table 2. Consolidated and emerging WHR technologies by temperature range [18,19,23,26,36].

Consolidated Technologies Emerging Technologies
Category
<120°C 120-250 °C <120 °C 120-250 °C
Heat pumps Thermoacoustic HP ! Heat transformer
Heat
Waste heat to heat Absorption HP ! cat pumps High temperature HP ! High temperature HP !
Waste heat to cold Absorption chiller - Adsorption chiller Thermoacoustic Chiller
ORC* Elecsros::;?mal Thermoelectric
Waste heat to power ORC 2 b

Piezoelectric and generator

Kalina cycle pyroelectric systems
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Table 2. Cont.

Consolidated Technologies Emerging Technologies
Category
<120 °C 120-250 °C <120 °C 120-250 °C
Shell, tube and plate Shell, tube and plate Non—r'netalhc:‘ and Recuperators with
corrosion-resistant . . .
heat exchangers heat exchangers innovative geometries
heat exchangers
Membrane type Advanced design of
Heat Exchange Air preheaters Heat pipe exchanger systems for latent metall.lc heat wheel
heat recovery heat pipe exchanger
Direct contact water Metallic heat wheel Desiccant systems Self-recuperative
heaters for latent heat recovery burners
Non-metallic heat Convection Systems with phase Systems with phase
exchangers recuperator change material change material

I Heat pump (HP); 2 Organic Rankine cycle (ORC).

Among these technologies, organic Rankine cycles, heat pumps, absorption chillers,
and the various types of heat exchangers are the most widespread and consolidated WHR
technologies in the industrial scenario. Figure 3 shows the subdivision into categories of
the WHR technologies and, for each of them, the most representative technology.

Waste heat
recovery
technologies

Waste heat
to power

Heat
Exchange

Waste heat
to cold

Waste heat
to heat

Heat Absorption Organic Rankine Heat
Pumps Chillers Cycle Exchanger

Figure 3. Categorization of waste heat recovery technologies. Elaborated from [36].

3.2. Analysis of the Scientific Literature

A more specific analysis of the literature was conducted to provide input to the def-
inition of the database structure. The literature review, described in detail in [38], was
carried out consulting the Scopus online database using the combination of keywords
“heat recovery”, “low temperature”, and “industrial” (in article title, abstract, and key-
words). The search produced more than 500 results. A first evaluation was done matching
the document’s content with the project’s boundaries (ultra-low and low temperatures
applications) and analyzing the relevance to the industrial sector. This activity identified

about 300 articles that were deeply analyzed.

3.3. Definition of the Database Structure

The literature analysis allowed for the identification of the most appropriate database
structure to develop a comprehensive, but easy-to-use, tool.

The database is organized as follows: each row of the database corresponds to a
low-temperature heat recovery technology. There can be multiple records for each source
(for example, a supplier may have several technologies in its catalog).

The information collected is organized into five categories:

1.  Identification: includes fields to locate the technology within the database. Different
technologies can be associated with each technology provider.
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Source: contains information relating to the source from which the technology was

identified to guarantee its retrieval.

Technology provider: contains the information necessary to identify the manufacturer

of the technology under investigation.

Technology information: identifies the technology, its state of maturity, and the type
of recovery it allows to obtain. It also contains the main technical characteristics and
ranges of application of this technology.
Other information: includes other technical or economic information not recorded in
the previous fields that may help the user evaluate and understand the technology.

Table 3 shows all the database fields and their description.

Table 3. Technology database’s fields and description.

Category Field Description
Provider D A niqus ety e sigrd e
Identification P &Y
A unique progressive number assigned to the
Technology ID WHR ! specific technology
Source type Scientific artllcle, plTo]ect report, catalog,
interview, etc.
Provider/Authors Name of the technology provider or authors
Source Link Source reference (e.g., DOI 2, website, etc.)
Time reference (e.g., year of publication, year of
Year the catalog, year of the interview with the
supplier, etc.)
Geographical reference The country or countries in which the technology
provider works
Technology provider Contact info Useful information to contact the technology

provider (e.g., email address)

Technology information

Type of provider Manufacturer, retailer or both
Indicates the type of heat recovery (e.g., waste
Recovery type heat to electricity, waste heat to cooling, etc.)
Technology type of technology (e.g., ORC 3, heat pumps, etc.)

Technology description

Additional information on the technology

State of maturity

It represents the state of maturity of the
technology (e.g., consolidated, emerging, etc.)

Description of the possible primary applications

Applications of the technology
Model If the technology can rlz:zoléieelntlfled with a specific
Vector fluid Vector fluid used in the recovery process (e.g.,

water, oil, etc.)

Input temperature

Range of admissible input temperatures of the
vector fluid

Minimum input temperature

Minimum admissible input temperatures of the
vector fluid

Vector fluid flow rate

Range of vector fluid flow rate that can be
processed




Sustainability 2021, 13, 5223

90f19

Table 3. Cont.

Category

Field

Description

Working fluid

Working fluid used by technology (e.g.,
hydrocarbons, refrigerants, etc.)

Input thermal power

Range or nominal input power

Output type

Type of output energy vector (e.g., electricity,
thermal energy, cooling energy)

Output power

Range of nominal output power

Output temperature

Range of output temperatures of the vector fluid

Efficiency

Characteristic performance parameter of the
technology (e.g., efficiency, COP 4 etc.)

Dimension

Size required by the technology (e.g., m? /kWh)

Other information

Expected lifetime

The useful life for which the technology was

designed
Expected PBP ° Typical payback time
Other relevant information about the WHR !
Notes

technology

! Waste heat recovery (WHR); 2 Digital object identifier (DOI); 3 Organic Rankine cycle (ORC);  Coefficient of performance (COP); 5 Payback

period (PBP).

The final structure proposed is the result of several iterations. Initially, only closed
fields were foreseen, but it was preferred to maintain a more flexible structure, thanks to
the inputs obtained from the interaction with the technology suppliers. The database is
designed to contain both single models or model series and product range as, in many
cases, the manufacturers offer application-specific designs.

For this reason, it was preferred for some fields to provide a range of value or free
completion.

3.4. Population of the Database

The Technology database’s preliminary population was carried out using the sources
of literature collected during the bibliographic research that was previously carried out.
Other information was collected by directly consulting the catalogs of suppliers available
online and carrying out interviews with some of the main waste heat technology providers
operating in the Italian market.

There are 21 sources used for the Technology database population, for a total of 62
technologies. Figure 4a shows that the identified technologies primarily derive from
supplier catalogs (77%) and from the interviews conducted (18%). Figure 4b shows the
division into categories of the technologies identified.

As shown in Figure 5, organic Rankine cycles (34%), heat pumps (27%), and absorption
chillers (15%) are the most numerous technologies identified.
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B Waste heat to power

M Catalo;
8 I Waste heat to heat
o Interview
m Article i Waste heat to cold
[ Heat Exchange
(a) (b)

Figure 4. Results of the Technology database’s preliminary population: (a) Type of source analyzed; (b) Waste heat recovery

type.

25
20 M Absorption chillers
W Organic Rankine Cycle
g 15 @ Heat pumps
S
g Absorption heat pumps
“ 10 m Plate Heat Exchanger
W Brazed Plate Heat Exchanger
5 M Shell-and-Tube Heat Exchanger
l H Other
: Nmm

Technology
Figure 5. The technologies identified during the Technology database’s preliminary population.

4. The Case Study Database
4.1. Analysis of the Reference Context

A preliminary analysis of a limited number of documents [23,26,39] was carried out to
identify the industrial sectors with high potential for waste heat recovery at medium-low
temperature levels. In this regard, Table 4 provides an overview of the most common waste
heat sources and the corresponding temperature levels according to the type of industrial
sector [26,39].

Table 4. Industrial processes with low-temperature waste heat production [26,39].

Industrial Sector Low-Grade Waste Heat Source Temperature (°C)
Stack gas from crude distillation 156
Petrochemical Stack gas from vacuum distillation 216
Exhaust from ethylene furnace 149
Waste gas from coke oven 200
Blast furnace gas 450

Iron/steel making

Exhaust gases from Cowper regenerators 250

Exhaust gases from electric arc furnaces 204
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Industrial Sector Low-Grade Waste Heat Source Temperature (°C)
Aluminum Exhaust from aluminum casting with a stack melter 121
Extracted air from cooking with fryers or ovens 150-200
Food and drink Exhaust from drying with spray/rotary dryers 110-160
Water vapor from evaporation and distillation 100
Dyed waste water from drying 90-94
Textile Stenter exhaust for fabric drying and finishing 180
Waste water rejected from heat exchangers 58-66
Waste steam from slag flushing in furnace 95-100
Paper Waste water from slag flushing in furnace 65-85
Cooling water from furnace wall cooling 35-45
Exhaust from cement kilns using 5- or 6-stage preheaters 204-300
Cement Hot air discharged from clinker coolers 100
Chemical and Pharmaceutical Distillation processes 100-300

Furthermore, the analysis of these sources allowed for the identification of “keywords”
(see Table 5) to be used for bibliographic research on main scientific and non-scientific
databases and search engines (Scopus, ScienceDirect, Google Scholar, Google). Documents
identified by such research included scientific articles, project reports, and studies related
to recovery projects already implemented or in the implementation phase.

Table 5. Keywords used in bibliographic research for the Case study database development.

Focused on the Research Subject Focused on Technologies

Focused on Sectors with High Waste
Heat Recovery Potential

Waste heat recovery, low-temperature

waste heat, low grade industrial waste
heat, low grade industrial waste heat case =~ Heat pump, Organic Rankine Cycle, Heat
study, industrial waste heat recovery case Exchanger Network
study, energy recovery, industrial energy

Agrifood, Dairy industry, Food, Paper
and Pulp Industry, Chemical Industry,
Textile industry

symbiosis, industrial symbiosis

4.2. Analysis of the Scientific Literature

A preliminary selection was carried out to identify studies focusing on waste heat
recovery at temperatures compatible with the project’s objectives. At the end of this first
selection, the total number of documents to be considered for further analysis was 130.

Among these studies, a few articles (reporting the greatest amount of information on
the application of waste heat recovery solutions in industrial processes) were selected to
define the preliminary structure of the Case study database. In addition, similar existing
databases from the literature were taken as a reference, such as those regarding case studies
on industrial symbiosis (i.e., MAESTRI [33]). Indeed, in terms of structure and type of
information to be collected, a process of waste heat recovery (internal or external to the
industrial site) is quite similar to an exchange of materials, energy, or by-products among
different industrial facilities.

4.3. Definition of the Database Structure

The database is organized as follows: each row of the database corresponds to a low-
temperature heat recovery case study (for each bibliographic source there can be multiple
case studies).
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The information collected is organized into seven categories:

Identification: identification of each single case study within the database. For each
source, there can be multiple WHR case collected.

Source: reference to the document in which the case study is described.

Company: this category geographically locates the heat recovery project and includes
the industrial sectors and subsectors involved.

Waste heat: includes all the information necessary to characterize the available waste
heat source.

Recovery process: includes information about the type of recovery intervention
performed and the technology used, following the structure defined by the Technology
database.

Waste heat utilization: contains information describing how the recovered waste heat
is used.

Other information: refers to other technical, economic, and general information not
recorded in the previous fields that may help the user to evaluate and understand the
WHR application.

Table 6 shows all the database fields and their detailed description.

Table 6. Case study database’s fields and description.

Category Field Description
Document ID A unique progressive number assigned to
e the source
Identification
Project ID A unique progressive number.asmgned to
the heat recovery project
Authors Name of the authors
Year Year of publication
Source Source type Scientific article, project report, etc.
Journal In the case of a scientific article, it
indicates the publication journal
Link Source reference (e.g., DOI 1 URL?Z, etc))
. . 3 .
Geographical reference The country .ll‘l.WhICh the WHR ° project
is implemented
Sectors involved in the production of
Sectors
waste heat
Company
Sub-sectors In the case of a more detailed
identification of the sector
. Sectors involved in the use of waste heat
Other sectors involved e 1 .
(if different from the previous one)
Process Description of the process that produces
waste heat
Source from which the heat is recovered
Vector
(e.g., hot water, exhaust gas)
Waste Heat Quantity Flow, thermal power or heat produced
Availability Frequency of waste heat production (e.g.,
hour per year)
Temperature Waste heat temperature

Flow rate Waste heat flow rate
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Table 6. Cont.

Category Field Description
Indicates the type of heat recovery (e.g.,
Recovery type waste heat to electricity, waste heat to
cooling, etc.)
3 4
Technology WHR?® technology used (e.g., ORC *, heat

Recovery process

pumps, etc.)

Technology description

Additional information on the technology
used

State of maturity

It represents the state of maturity of the
technology (e.g., consolidated, emerging,

etc.)
Vector fluid Vector fluid used in the recovery process
(e.g., water, oil, etc.)
Vector fluid quantity Vector fluid flow rate

Receiving process

The process that receives the recovered
energy

Specifies the nature of the heat exchange,

Internal /External which can be internal or external to the
o process
Waste heat utilization
Quantity Flow, thermal power or heat produced
Use Frequency of waste heat utilization (e.g.,
hour per year)
The temperature at which the “recovered”
Temperature .
energy carrier is used
. Main barriers encountered in project
Barriers

Other information

implementation

Identified solutions

If during the implementation of the
project solutions were evaluated to
overcome barriers

Notes

Other relevant information about the
WHR? project

1 Digital object identifier (DOI); 2 Uniform resource locator (URL); 3 Waste heat recovery (WHR); 4 Organic Rankine cycle (ORC).

Finally, all the information collected from each source was implemented into the
database.

4.4. Population of the Database

Documents selected during the analysis of scientific literature (130 documents) were
further screened to identify studies reporting most of the information required by the
database fields previously described (Table 6).

There were 81 sources used for the Case study database population, corresponding to
108 case studies of waste heat recovery. Figure 6a shows that the sources were primarily
scientific articles, mainly published from 2017 to 2019 (Figure 6b). Regarding the individual
WHR cases, Figure 7a shows the industrial sector breakdown. It is noted that most of the
studies concerned the food and the textile sectors.
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Figure 6. Results of the Case study database’s preliminary population: (a) Type of source analyzed; (b) Publication year of
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Figure 7. Results of the Case study database’s preliminary population: (a) Industrial sectors involved in recovery cases;
(b) Food subsectors involved in recovery cases.

Concerning the food sector, which was the most numerous and detailed sector,
Figure 7b also shows the relative sub-sectors, including coffee, dairy, and beer production.

It is interesting to note that the majority of case studies within the database are related
to internal process heat recovery. However, this aspect may have been emphasized by the
type of research carried out, as most of the articles focusing on external heat recovery (e.g.,
industrial symbiosis) do not report detailed information about the waste heat flows and
were therefore excluded during the database population.

5. Use of the Databases

The two databases described represent two key elements of a simulation tool sup-
porting the identification and evaluation of suitable waste heat recovery opportunities in
industrial facilities.

The choice of creating two distinct databases is confirmed to be positive for enhancing
the modularity of the final decision support tool, allowing us to obtain two related but
unconstrained tools to be used in distinct phases of the decision-making process.

Furthermore, this distinction has certainly made it possible to obtain advantages
from the two databases’ population, focusing on different aspects and collecting more
information maintaining a simple structure.

Although the two tools are distinct, they can be jointly used, as it is possible to
integrate the information found from one of the two databases by consulting the other.
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(@)
(b)

User A enters the Case
study database with the
reference sector

In order to provide a practical example of the integration of the two databases, two
possible processes for the joint use of the two tools have been identified:

User A consults the Case study database searching for heat recovery applications in a
specific sector or sub-sector;
User B consults the Technology database looking for a technology suitable for the

available waste heat characteristics.

Figure 8 shows a graphical representation and description of the proposed example.

Case study database

b

R 2 )

s ~

The user can extract
information about the use of
the identified technologies

L ) in the Case sfudy database

¥ )

The database shows all the
WHR cases carried out for
the sector considered

- B
The user obtains information The user obtains
on potential interventions information on the different
applicable to his case and the solutions that can be
technologies used adopted

A, J .
[ The user can extract detailed )
. o y The database shows all the
nformation on the .
i ormate - technologies compatible

technologies used by . fice
consulting the Technology with the characteristics of
o waste heat

L database
f User B enters the

a Technology database with
a TeChnOk)gy database information about

waste heat source

Figure 8. Two different integrated uses of the databases.

User A’s query represents the common example of a user looking for opportunities
to improve efficiency through waste heat recovery as a company with significant thermal
consumption. He wants to get an idea of the recovery interventions already applied
in his sector (sub-sector or process), and analyze whether there are also margins for
implementation in his company. However, User B’s query represents the example of a user
who has already identified a waste heat to use and who therefore wants to obtain more
information about the technologies that can be implemented to recover it. Furthermore,
User B may already be aware of the technologies that can be implemented (for example,
downstream of a preliminary assessment), but is looking for more detailed information.

It is essential to highlight that those proposed are only two of the databases’ possible
uses. For both tools, the piece of information used to access the database could be different,
even if the process of retrieving additional information can follow a similar logic to the
ones proposed in Figure 8.

To give a more practical example, we imagine an Energy Manager [40] from a dairy
company searching for WHR projects implemented in this sub-sector. Entering “Manu-
facture of dairy products” in the sub-sectors field of the Case study database, he would find
four case studies. Two of these refer to waste heat recovery through the application of
heat pumps. To obtain more information about this technology, the user could consult the
Technology database entering “Heat pump” in the technology field. The search would show
21 results, from which the user would have more detailed information about heat pumps
and he could then select those compatible with the characteristics of the waste heat flow
available from the dairy company.

Table 7 provides some extracts of the results obtained using the search criteria de-
scribed. Due to confidentiality issues, the table’s data do not provide any information
about the companies and the technology provider involved.
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Table 7. Extract of the results obtained using the search criteria specified in the example of the use of databases.

Case Study Database

Source Type Sub-Sectors * Process Receiving Process Technology Quantity Temperature
Manufacture of Process water Production of hot

Project report . . water for heating ofa  Heat pump 72 MW 73°C
dairy products cooling

nearby greenhouse

Recovery of waste

Preheating of the air
Project report Ma.nufacture of heat. from.the to produce powdered  Heat pump 1.25 MW 80°C
dairy products refrigeration milk
system condenser
Technology database
. . Output Output
*
Source type Recovery type Technology State of maturity Vector fluid power temperature
Catalog Wastﬁli-lafat to Heat pump Consolidated Water 0.6-2.0 MW 80
Waste Heat to . 0.6-10.0
Catalog Heat Heat pump Consolidated Water MW 70-90

* The fields marked with an asterisk are the fields used to enter the two databases in this specific example.

To maintain search effectiveness, in addition to those mentioned, the user can consult
the database using more specific fields, such as the type of fluid, the power range, the state
of maturity of the technology, the process, the receiving process, etc. By inserting more
detailed search criteria, the problems of using the database in terms of an excessive number
of results can be limited, even in the case of an extensive database.

The information contained in the two databases allows the energy attributes for any
WHR system to be demonstrated. Referring to the technology found in Table 7, Figure
9 reports an example made by a Sankey diagram of a heat pump. In the diagram, the
electricity is shown in green, while the thermal flows are shown in a color scale, from bright
red for high temperatures to blue for lower temperatures.

Other Losses| |

Figure 9. Example of a Sankey Diagram for a heat pump.

6. Discussion and Conclusions

This article presents the main phases that led to the development of two databases
aimed at supporting companies in increasing the diffusion of low-temperature heat re-
covery interventions in the industrial sector, which, despite the high potential, are not
sufficiently applied.
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The first database is focused on available state-of-the-art and advanced technolo-
gies, while the second database reports several WHR case studies that have already been
implemented.

Compared to the other tools related to energy efficiency, the two databases proposed
in this article are the only ones entirely focused on low-temperature waste heat recovery.
Although the literature about heat recovery is extensive and presents numerous remarkable
contributions, these previous attempts do not result in tools that are effectively usable
by companies. Therefore, they do not represent a valid aid in overcoming those gaps
in the diffusion of recovery interventions, which we have found to be mainly due to
non-technological barriers.

Compared to the existing tools and databases, one of the main advantages of the
proposed databases is that they contain all the information necessary to analyze the heat
recovery process both from a qualitative and a quantitative perspective. For these reasons,
the databases represent two fundamental elements of a complete information system
that will be developed into a broader research project, aimed at supporting companies
in identifying and conducting the first evaluation of heat recovery opportunities and
overcoming non-technical barriers to the diffusion of energy efficiency measures.

In order to favor the modularity of the final tool, two distinct databases were created to
be applied in different phases of the implementation of a heat recovery project. A common
procedure was followed to develop both tools, starting from an in-depth analysis of the
literature, which provided the basis for identifying an appropriate database structure and
for providing the inputs for its preliminary population.

The Case study database contains 31 fields divided into seven categories. It allows for
the collection of information relating to the industrial sector and subsector in which the
case study is implemented, the characteristics of waste heat, the technology used, and
information about the reuse of the heat recovered. The Technology database contains 28 fields
divided into five categories. It permits collecting information relating to the technology
provider, technology description and state of maturity, and information about the technical
characteristics and range of usability for the technologies collected.

The databases’ structure was preliminarily validated thanks to the interaction with
important stakeholders and possible users of the tools, such as companies operating in
the industrial sector and some WHR technology suppliers operating in the Italian and
European markets. This interaction provided important feedback about the two proposed
tools” usability and helped to define a more appropriate database structure. Therefore, this
allowed for the consolidation of the data within the Technology database, regarding several
aspects of both well-established and emerging technologies, such as the typical operating
temperature and the power range, the energy performance, and the economic parameters
(i.e., specific costs, operating and maintenance costs, lifetime, etc.), and the main barriers
to the technology implementation. The interaction with technology manufacturers also
allowed us to increase the size of the Case study database, by providing data regarding real
case studies on WHR from industrial wastes.

Meetings with industries which use different types of processes were also organized
to verify and consolidate data within the Case study database, particularly regarding types
and characteristics of waste heat sources generated by the production processes and the
types of WHR solutions usually implemented, depending on the industrial sector under
consideration.

Furthermore, possible integrated use of databases and a practical example of their uti-
lization were proposed. This application showed how much information on heat recovery
interventions and implementable technologies could be obtained in a typical situation with
little input information (such as industrial sector or waste heat characteristics).

It should be noted that the two databases were only preliminary populated, and their
content will be substantially increased, thanks to the analysis of energy audits and visits to
different companies involved, during the following years of the project.
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Advanced data analysis techniques, such as machine learning approaches, could
be used when the databases are sufficiently populated. Possible applications are, for
example, database schema matching [41,42], in order to improve the integration of the
two databases, or using the available data to model the relationships between the various
parameters such as output power, waste heat temperature, and type of fluid for the different
technologies [43].

The following steps will involve the IT platform development in which the two
databases will represent key tools. Together with other modules, such as the pinch analysis,
the evaluation of external uses, and the development of specific models of the single
technologies, this will guide the user in all the different phases of implementing a WHR
intervention.
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