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Abstract: In an industrial energy scenario increasingly focused on decarbonization and energy cost
containment, waste heat is a resource that is no longer negligible. Despite the great abundance of
waste heat, its recognized potential, and numerous technologies available for its use, the rate of waste
heat recovery (WHR) is still low, especially at low temperatures (<230 °C). Non-technological barriers,
such as the lack of knowledge and support tools, strongly limit the diffusion of WHR technologies.
The work presented in this paper aims to overcome non-technological gaps by developing a simple
and operational tool that can support companies in the preliminary stages of evaluating a WHR
application. The methodology followed involved the development of specific data-based models
for WHR technology sizing by correlating waste heat input characteristics with dimensional and
economic parameters of the technologies evaluated. We considered the most representative tech-
nologies in the WHR scenario: organic Rankine cycles for electric power generation, heat pumps for
thermal power generation, absorption chillers for cooling generation, and plate heat exchangers for
low-temperature heat exchange applications. One of the significant strengths of the tool is that it
was developed using real and hard-to-find technologies performance and cost data mainly collected
through continuous interactions with WHR technology providers. Moreover, the interaction with the
technology providers allowed contextualization and validation of the tool in the field. In addition,
the tool was applied to three large companies operating in the Italian industrial sector to test its
effectiveness. The tool applications made it possible to propose cost-effective solutions that the com-
panies had not considered before, despite the high level of attention with which they were already
approaching energy efficiency improvements. The result obtained demonstrates the applicability and
innovativeness of the tool.

Keywords: waste heat recovery; organic Rankine cycle; heat pumps; energy efficiency; industrial
sustainability; carbon neutrality; decarbonization

1. Introduction

The European Union (EU) aims to be carbon neutral by 2050. This objective, including
the intermediate target to cut greenhouse gas emissions by at least 55% by 2030, is chal-
lenging and urgent simultaneously. In addition to increasing renewable energy production,
improving energy efficiency and optimizing resources will also play a key role, especially
in those sectors that are particularly energy-intensive such as industry [1].

Waste heat is a primary source of recoverable energy loss, offering significant potential
for greenhouse gas emissions reduction. Total waste heat emissions account for 23.0-53.0%
of global input energy, with a range of theoretical recovery potentials of 6-12% [2]: waste
heat recovery (WHR) is considered one of the key factors for achieving carbon neutrality [3].

The industrial sector accounts for approximately one-third of global final energy
consumption, on which depends 20% of global CO, emissions [4]. According to [5], these
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significant percentages of emissions are mainly due to processes that require heat, mostly
in the form of hot water and steam [6]. It is estimated that approximately 70% of the total
energy use in the industrial sector is related to thermal processes, and up to one-third is
lost as waste heat [7]. Moreover, most of this heat is available at low temperatures, which
makes its reuse more complicated and less attractive [8]. The industrial sector has one of the
greatest availabilities of waste heat at low temperatures. According to [9], approximately
66% of the total waste heat in the industry is available at a temperature below 200 °C. On
the other hand, the industrial sector is technologically advanced and has all the potential to
make the most of this resource [10].

Even for low-temperature heat, defined as heat at temperatures less than 230 °C [11],
there are various possibilities for reuse. Recovered heat can be reused directly in other
processes that require heat at a lower temperature, it can be reused by increasing its
temperature, or it can be converted into other forms of energy such as cooling energy
or electricity. Many low-temperature heat recovery technologies have been developed.
Nowadays, the market offers various mature technologies such as organic Rankine cycles
(ORC), heat pumps (HP), plate heat exchangers (PHE), absorption chillers (AC), and many
other technologies under development such as thermoacoustic technology, piezoelectric and
pyroelectric generators, ultra-high-temperature heat pumps, and micro-ORC systems [12].
Despite the great potential of this resource due to its wide availability and the presence of
numerous technologies for its recovery and reuse, the number of WHR applications in the
industrial sector is still low. This aspect is due to the presence of numerous barriers that are
accentuated when we consider low temperatures.

While for high-temperature waste heat, most companies present viable recovery po-
tentials [13], low-temperature WHR forces consideration of a more significant number of
opportunities, with interventions individually less economically important and challenging
to implement. The barriers to low-temperature heat recovery are of various kinds: techni-
cal, informational, economic, and organizational. Of these, the lack of knowledge and the
absence of support tools limit the diffusion of WHR technologies [14]. Companies find the
most significant difficulties primarily in the preliminary stages, leading to the implementa-
tion of a heat recovery technology: from identifying waste heat to selecting implementable
technologies, and especially, evaluating the costs and benefits of their implementation.

This paper aims to overcome this gap by developing an easy-to-use tool to support
companies in evaluating low and very low-temperature heat recovery applications. The
tool allows for obtaining a preliminary analysis of the potential of heat recovery of the most
representative technologies in the industrial scenario and an estimate of the achievable
performances. The proposed tool focuses on developing models based on real data selecting
the most representative technology in the WHR scenario: ORC for electric power generation,
HP for thermal power generation, AC for cooling generation, and PHE for low-temperature
heat exchange applications.

The work presented in this article is part of a three-year project carried out by the
research group of the Tor Vergata University of Rome and other Italian universities and
coordinated by the Italian National Agency for New Technologies, Energy, and Sustainable
Economic Development (ENEA), aimed at increasing the diffusion of WHR applications
in the industrial scenario by preventing non-technological barriers. The tool proposed in
this article represents a key element of a larger research project. The research team’s goal
was to create a tool that is perfectly placed in the industrial context and can be integrated
with the energy efficiency tools commonly used by companies. For example, this tool
can represent a valid support for a company in conducting an energy audit according to
the principles introduced by the Energy Efficiency European Directive 2012/27/EU or in
the search for efficiency measures in an ISO 50001 Energy Management System. To this
end, the development of this tool saw numerous interactions between the research team
and essential industry stakeholders: 20 interviews were conducted with heat recovery
technology providers and similar national and international projects. The tool was also
tested on three large companies operating in the Italian industrial sector.
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Scientific

The paper is structured as follows: Section 1.1, i.e., Background, presents a comprehen-
sive overview of existing methodologies and approaches for evaluating WHR applications;
Section 2, i.e., Methodology, describes the activities carried out to develop the WHR pre-
liminary evaluation tool. Section 3 describes the results obtained from the application
of the tool in the three case studies considered, discusses the main issues encountered
in applying the tool, and compares the result obtained. Finally, Section 4 highlights the
paper’s objectives, the significant results obtained, and the next steps of the research.

Figure 1 shows a schematic representation of the approach followed in this work.

Analysis of
t A the results

WHR technologies can be classified according to the intended use of the recovered
waste heat: it can be used directly (at the same or lower temperature level), it can be
converted into another form of energy (electrical or cooling energy), or used at a higher
temperature [15].

We can identify four categories of heat recovery:

literature
review

Figure 1. Research flowchart.

1.1. Background

1.  Waste heat to heat: contains technologies through which recovered waste heat is used
to produce thermal energy at a higher temperature level (e.g., heat pumps, mechanical
steam compression);

2. Waste heat to cold: contains the technologies through which recovered waste heat is
used to produce cooling energy (e.g., absorption and adsorption chillers);

3. Waste heat to power: contains the technologies through which recovered waste heat
is converted into electricity (e.g., organic Rankine cycles, Kalina cycles);

4. Heat exchange: contains the technologies through which the recovered waste heat is
used directly at the same or lower temperature (e.g., plate heat exchanger, thermal
energy storage systems).

Among these categories, ORCs for electric power generation, heat pumps for ther-
mal power generation, absorption chillers for cooling power generation, and plate heat
exchangers for directly reusing waste heat are the most popular and mature technologies
for low-temperature heat recovery [14,15]. The relevance of the technology to industry, the
technological maturity, and the availability of data and information are the motivations
that led the authors to investigate these four representative technologies in detail.

Several methodologies for sizing heat recovery technologies exist in the literature, but
they are often not easy to use due to their high level of complexity. These approaches are
usually dedicated to individual technologies, not providing a comprehensive view of the
industrial waste heat recovery scenario.

The following paragraphs describe the primary methodologies and tools in the litera-
ture for sizing heat recovery technologies. The purpose is to get a clear overview of the
most used approaches and analyze their strengths and limitations.

In [16], the optimization of ORC plants is solved using a two-level approach that
includes fluid selection, the determination of operating conditions, and equipment sizing,
while in [17], sizing is optimized using an algorithm, the objective function of which is
set to meet the electrical power requirement. The paper [18] presents a multi-objective
optimization method comparing different solutions (e.g., different working fluids) to obtain
the best exergy and environmental performance of the ORC configurations. In [19], an ORC
design and optimization methodology based on the “Design to Resource” method is used,
which considers all necessary design variables and optimizes thermodynamic efficiency
and economic feasibility. In [20], the proposed methodology integrates the techno-economic
optimization of the Rankine cycle and the optimization of the layout and sizing of the heat
exchanger network. This method allows for complete techno-economic optimization of the



Sustainability 2022, 14, 12626

4 of 28

entire system; however, the resulting problem is a complex nonlinear mixed-integer system,
which can only be solved with an ad hoc algorithm. Finally, the paper [21] proposes a
complex method that considers practical aspects such as component limitations and costs.

Regarding heat pumps, in [22], the performance and potential of these technologies
are examined, and their competitiveness in very low-temperature ranges (45-60 °C) is
demonstrated. Patek, ] et al. presented a new heat pump prototype equipped with a
modified scroll compressor and internal heat exchanger [23]. In addition, this paper
provides a reference for the study of heat pump heat recovery from low-quality waste heat
streams from industrial processes.

The work presented by [24] proposes a numerical model of the system in which the
absorption chillers” generation process is simulated. In [23], on the other hand, a set of
five equations describing the vapor-liquid properties of the ammonia—water system was
developed from experimental data, which allows for the study of absorption cycles without
resorting to iterative evaluations. In [24], a schematic approach is proposed that just the
inlet and outlet conditions of the chiller components perform the closed-box study of
the entire system. Lastly, in [25], a model of a water and lithium bromide absorption
refrigeration system is developed, and then the process is simulated with specific software.

There are numerous works involving heat exchangers. In [26], a new sizing method is
proposed that also considers the type of exchanger and the most suitable materials for each
specific heat flow in the optimization phase. Other methodologies, such as those proposed
in [27,28], rely instead on established sizing methodologies based on the characterization
of the heat exchange process. Other studies also propose cost estimation methodologies for
a heat exchanger design [29-31].

A general point can be made for the approaches presented above. These methods
certainly offer viable solutions for individual recovery technologies and have the strength
of allowing detailed sizing to be offered. On the other hand, they may not represent a
concrete and practical solution for the end-users to whom this work is dedicated.

In addition, the scientific literature presents other methodologies more aligned with
what is proposed in this paper. For example, the proposal of [32], later reviewed in [33],
aims to define a general process for identifying subsequent combinations of sources and
users. The problem with these methodologies is that they are overly general and do not
consider the different technologies available for thermal recovery.

Similarly, the paper [34] proposes an approach that does not provide an accurate
structured methodology but introduces a feasibility analysis of the various technologies
based essentially on the applicable temperature ranges.

More aligned with the aim of this article is the approach proposed by [35], which
provides general guidance and steps to be followed to obtain a first attempt at sizing the
thermal recovery system. In contrast, only some recovery technologies, such as ORCs and
ACs are considered.

It is essential to point out the presence on the web of tools made by companies that
produce heat recovery technologies, which allow their selection simply and intuitively.
“The Heat Pump Check” [36], “Heat Pump eCalculator” [37], and “Energy Cost Calculator
for Commercial Heat Pumps” [38] are tools that start from a small quantity of data (e.g.,
waste heat source and sink characteristics) allow to identify the most suitable heat pump
from among those in the tool database and then evaluate its technical characteristics and
economic parameters. Similarly, for heat exchangers, tools such as “HEXpert” from [39],
“Plate Heat Exchanger Configurator” from [40], and “Dimensioning” from [41] allow sizing
of a heat exchange solution and comparing different options.

Although such tools are highly reliable, the limitation of these tools is that they are
not integrated into a single system, making it difficult to use them together and compare
results. In addition, those built by specific technology providers are limited to showing
only the technologies produced, thus not allowing for a comprehensive view of what the
market offers.
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In conclusion, although there are already several methodologies and tools in the
literature for evaluating WHR solutions in the industrial sector, a comprehensive and
well-structured criterion that can offer solid support for companies is still absent.

The gap identified must be overcome; this paper proposes the development of a prelim-
inary assessment tool that, using a few input data, can provide a clear and comprehensive
overview of the applicable thermal recovery technologies for the specific case study while
also providing technical and economic information to assess their real applicability.

The proposed tool is therefore intended to complement others in the literature, allow-
ing a quick screening of heat recovery opportunities. The goal is to provide a preliminary
feasibility analysis and sizing of the leading WHR technologies available on the market
while also providing an initial economic evaluation based on real data. These inputs can be
crucial for companies by focusing on the most interesting opportunities to be developed
in detail. Compared with other existing tools and methodologies, our proposal has the
following strengths: operability and usability, including different types of technologies
in one tool, and the technology assessment is based on data from different sources and
technology providers.

The research team’s goal is that this tool can be seamlessly integrated with the other
energy efficiency tools commonly used by companies. For example, thanks to the type
of data required, it can be a valuable support for a company in the search for efficiency
opportunities when conducting an energy audit according to Directive 2012/27/EU as part
of an energy management system

2. Methodology

This section describes all the steps that led to the development of the tool for prelimi-
nary evaluation of WHR technologies: from the methodology’s definition to the develop-
ment of individual technologies models.

2.1. Preliminary Evaluation Methodology

The first step in establishing a structured method concerns identifying and defining the
steps involved in the preliminary evaluation of a heat recovery technology. The approach
is divided into four steps:

1.  Data collection and analysis: the first step in the preliminary assessment involves
data collection and analysis aimed at identifying the waste heat flows available
and the plant’s energy needs (electrical, thermal, and cooling needs). Knowing
the needs makes it possible to select technologies compatible with the waste heat
characteristics and investigate those that can be implemented at the industrial site.
For each energy flow, it is necessary to collect information about thermodynamic
characteristics, temporal distribution (to assess possible matching between availability
and demand), and the type of fluids involved (information necessary in addition
to the estimation of all other quantities such as specific heat and density, but also
possible toxicity, flammability or corrosivity). Other valuable data to be collected are
geographic location (for determining environmental parameters), opening hours and
days (to estimate actual hours of operation); data on current energy generation or
supply to estimate any savings produced by thermal recovery (costs of energy carriers,
performance parameters of major systems such as boilers and chillers); and additional
useful information such as structural constraints (layout, limited space).

2. Technical evaluation: the previously collected data are subjected to initial analysis
to select possible implementable technologies. Through the use of specific models,
the different technically implementable technologies are identified, and a preliminary
sizing is provided;

3.  Economic evaluation: knowing the technical characteristics for the technologies
considered, through specific cost functions, an initial estimate of the required initial
investment is provided;
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4. Analysis of results: for all the solutions analyzed, following the technical and eco-
nomic evaluation, the plant size is estimated, and the electrical, thermal, and cooling
energy that can be generated with each of the available thermal waste streams is cal-
culated. Having estimated the size of the plant, the initial investment, and the energy
that can be generated, it will be possible to proceed to the calculation of economic
indicators of the investment, such as, for example, the payback period (PBP) useful to
identify the best solution among those investigated.

Table 1 summarizes the primary information to be collected, while Figure 2 shows a
flow chart of the proposed methodology.

Table 1. Data to be collected.

Type of fluid
Availability (hour/year)
Waste heat Flow rate
Temperature
Pressure

Type of fluid
Demand (hour/year)
Flow rate
Thermal energy demand Required temperature
Initial temperature
Pressure
Flow production (e.g., production efficiency, carrier cost)

Type of fluid
Demand hour/year)
Flow rate
Cooling energy demand Required temperature
Initial temperature
Pressure
Flow production (e.g., production efficiency, carrier cost)

Electricity demand (kWh/year)
Electricity demand Self-generated electricity (kWh/year)
Cost of electricity

( Data collection and )
analysis

L (flow characterization) @

}

-
Technical evaluation
(Preliminary sizing of possible

applicable technologies
PP gies) ()

~

\

4 . .
Economic evaluation

(investment and savings

L estimation) @

Analysis of results
(identification of the

L best solution) @

Figure 2. Steps of the methodology.
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It should be emphasized that the outcome of a preliminary assessment is not meant to
be exhaustive. The optimal solution cannot be chosen without detailed sizing of the specific
technology. The preliminary assessment tool aims to investigate possible implementable
technologies by providing initial sizing and evaluation parameters that will direct the user
to investigate the most attractive solutions. In addition, the proposed methodology uses
the PBP as the primary evaluation parameter because it is particularly significant in the
industrial scenario. However, depending on the company, other selection criteria may be
used, such as the value of the initial investment (significant in small companies with low
economic means), the profitability of the investment, or environmental parameters such as
maximum reduction of pollutant emissions.

For the technical and economic evaluation stages, ad hoc models were developed for
the most representative heat recovery technologies described in the following parameters.

2.2. Most Representative Technologies Models

The preliminary assessment tool considers the most representative technologies for
low-temperature heat recovery in the industrial sector. For each of the WHR categories
mentioned above, we selected the technology that was found to be the most significant:
ORGC:s for electric power generation, heat pumps for thermal power generation, absorption
chillers for cooling power generation, and plate heat exchangers for heat exchange category.
Figure 3 shows a schematic representation of the four WHR macro categories and their
most representative technologies.

Waste heat
recovery
technologies

A A 4 A

Waste heat Waste heat Waste heat Heat
to heat to cold to power Exchange
Heat Absorption Organic Rankine Heat
Pumps Chillers Cycle Exchanger

Figure 3. Technologies selected for the four categories of waste heat recovery.

Specific models were developed for each of these technologies to provide the most rel-
evant technical and economic characteristics, starting from information on the recoverable
heat flow.

The development of these models follows a standard procedure that can be divided
into four steps:

1.  Technical data and module specifications of individual technologies available on the
market are collected, and their key parameters are recorded to characterize their oper-
ation (e.g., minimum allowable waste heat temperature, heat input power, and output
power, efficiency). Where available, economic information is collected (investment
cost, operation, and maintenance costs, specific cost);

2. Among the variables collected, the relationships between the characteristics of the
incoming heat flow and the dimensional parameters are investigated (e.g., the rela-
tionship between input thermal power and output thermal power of an ORC);

3.  Depending on the type of technology, the relationships needed to calculate the energy
generated and the corresponding achievable energy savings are defined;

4. Using the data collected and the results of the literature review and technology
providers, relationships were defined to estimate the initial investment required
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based on plant size (€/kW). These relationships are necessary for calculating decision
support parameters, such as PBP.

The tool evaluates all four WHR technologies considered for each waste heat stream.
For each technology, if applicable, the tool provides all the necessary technical and economic
parameters to the users to select the technology best suited to their decision criterion (e.g.,
installed power, investment, and payback period).

The following paragraphs are dedicated to a detailed description of model develop-
ment for the four technologies considered and a description of their operation.

2.3. Waste Heat to Power: ORC Model

The preliminary evaluation model for ORC technology is based on technical data
collected by analyzing 40 ORC modules for generating electricity from low-temperature
thermal sources made by various national and international manufacturers. For each
module, where available, we collected information regarding the manufacturer, model,
thermal input power (Py,), electrical output power (P.), temperature range of the input
carrier fluid, temperature of the output carrier fluid, processed flow rate, type of carrier
fluid, type of working fluid, and efficiency.

From the analysis of the collected data, we found a significant linear relationship
between the electrical power generated and the thermal input power. Figure 4 shows the
linear regression analysis conducted, the equation, and the correlation coefficient obtained.

(S

n

(=
L}

200 o o
150 o o

100 o o .

50 W ok Pe = 0.0907-Pth
) ,‘.:' ¢ R2=10.942
A
0 1000 2000 3000 4000
Thermal Power [KWth]

Electric Power [KWe]

Figure 4. The trend of the electric power produced by the ORC as a function of the thermal input power.

The relation found is characterized by a high value of the correlation coefficient
(R? = 0.942) and good statistical significance with a p-value of 1.0 x 102, significantly
lower than the commonly considered acceptable value of 0.05, corresponding to a statistical
significance level of 95%. The thermal input power of the considered modules varies be-
tween 55 and 3600 kWy,, while the electrical output power varies between 2.5 and 300 kW,
per module. Therefore, these ranges represent the validity ranges of this relationship.
However, this relationship can also be considered valid for higher powers in the order
of MWe due to the validations with technology providers. Table 2 shows the summary
output of the regression analysis conducted: correlation coefficient, sample numerosity,
linear equation, and statistical significance (p-value).
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Table 2. Regression statistics.

Summary Output

Multiple R 0.971
R Square 0.942
Observations 40
Equation P, =0.0907 Py,
p-value <11 x107%

This relationship, although considered reliable, has been subject to correction due to
the findings of early experimentation of this module and continued contact with technology
suppliers. Although size influences the efficiency of an ORC cycle, it turns out to be
significantly affected mainly by the temperature of the carrier fluid entering the evaporator.
Several efficiency classes can be identified:

e  For inlet carrier fluid temperatures between 70 and 150 °C, efficiency values are

between 5-12%;

e  For inlet carrier fluid temperatures up to 200 °C, the efficiency values are between

10-18%;

e  For inlet carrier fluid temperatures up to 300 °C, the efficiency values are between

16-25%;

Therefore, it was deemed appropriate to apply a correction to the identified relation-
ship by introducing correction factors to change the efficiency as a function of waste heat
temperature. Specifically, the relationship is valid for temperatures between 70 and 150 °C,
while a 25% increase in efficiency is considered for temperatures between 150 and 200 °C,
and a 50% increase for temperatures between 200 and 250 °C.

Electrical power can be determined from the characteristics of the waste heat flow.
The thermal power input to the ORC module can be estimated from knowledge of the
characteristics of the waste fluid, such as flow rate, specific heat, and temperature difference
between the inlet and outlet of the heat flow (assuming an appropriate AT at the ORC
module evaporator).

After calculating the electrical power, it is possible to estimate the annual electrical
energy that can be generated, considering the actual hours of operation through the in-
formation previously collected. The product between this and the cost of electricity will
provide the gross annual savings.

For the evaluation of the initial investment required for installing an ORC system, data
collection was carried out regarding the investment cost as a function of size. These data
come mainly from interviews with technology providers. Analysis of these data identified
an exponential-type relationship between electrical power and specific installation cost:

yy € —0.169

Specific cost L{V\Ui] = 7488.7-P, (1)
This cost refers to the overall cost of the plant and not the cost of the ORC module

alone. Figure 5 shows the sample distribution and the exponential equation obtained.

In addition, according to [42], it was possible to consider an operation and maintenance
cost of 10 EUR per MWh of electricity generated. It is now possible to proceed with the
calculation of the PBP as the ratio of the initial investment required to the annual savings
achievable. This procedure is carried out for each of the available waste heat sources. In
addition, based on the validations made, two correction factors were considered, both set
at a value of 0.9. They related to the increase in the initial investment related to ORC, to
consider other costs such as, for example, those of design or related to extra components;
and the reduction in annual savings, to take into account possible misalignments between
supply and demand (since the hours of operation, when provided, often represent a purely
indicative value).



Sustainability 2022, 14, 12626

10 of 28

6000
@ 5000 e
B [ ]
,& .
) 4000 .
- L]
L 3000 e
[#] L]
] ¢ ¢ '
S 2000 ‘
<
[<F) L ]
& 1000
cs = 7488.7-Pe 0169
0
0 500 1000 1500 2000
Electric Power [kWe]

Figure 5. The specific cost of an ORC module as a function of the nominal electric power.

In conclusion, the model is easy to use: once characterized the incoming heat flow, the
electrical output power is determined using the relationship identified and, consequently,
the cost associated with this technology.

2.4. Waste Heat to Heat: Heat Pump Model

For developing the preliminary evaluation model for heat pump technology, data and
specifications were collected from 25 commercially available heat pumps with a total of
49 operating points. For each operating point, where available, information was collected
on: manufacturer, model, heat input power (Py, j,), evaporation temperature (Tey), cold
source temperature (T.]q), condensation temperature (T onq), hot source temperature (Tyy),
heat pump temperature difference (AT}f), heat output power (Py, out), processed flow rate,
carrier fluid type, working fluid type, and coefficient of performance (COP). We found a
significant linear relationship between heat pump temperature difference (ATyg) and COP.
This relationship links input parameters with performance parameters needed to size the
technology. Figure 6 shows the results of the linear regression analysis, the equation, and
the correlation coefficient obtained.

7
6 .
L ]
5 * o )
s
o 4 ! . o &b ~
Q - S
O 3 L . (] ® . * )
2 * ! . > .
COP =—0.0309 ATIift +5.7189
L R2=0.705
0
20 40 60 80 100 120 140

ATise [°C]

Figure 6. Relation between ATy and COP.
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The correlation coefficient (R? = 0.705) and statistical significance (p-value = 4.74 x
10~y are satisfactory. The limits of applicability of the identified relationship, for the
operating points considered, the ATlift varies between 38 and 145 °C while the COP
varies between 1.6 and 5.8 (with a thermal output power of individual modules varying
between 41 and 15,000 kWy,). Table 3 shows the summary output of the regression analysis
conducted: correlation coefficient, sample numerosity, linear equation, and statistical
significance (p-value).

Table 3. Regression statistics.

Summary Output
Multiple R 0.840
R Square 0.705
Observations 49
Equation COP = —0.0309 ATy + 5.7189
p-value 474 x 10714

The ATy parameter of a heat pump (equal to T¢ong—Tev) is not commonly known a
priori. In agreement with recurring values in the bibliography, ATy can be estimated as
the difference between the temperature of the hot source and the temperature of the cold
source (waste heat), increased by 15 °C.

At this point, estimating the COP from the linear relationship (Table 3) by calculating
the required heat output from the previously collected data, it is possible to determine the
electrical power that must be supplied to the heat pump as the ratio of heat output to COP.
From the knowledge of these parameters, it is then possible to make an overall balance of
the system and estimate the amount of heat flow needed as input, as the difference between
thermal power output and electrical power input. By comparing the heat demanded and
the waste heat available, it is possible to determine the heat demand percentage that can
be satisfied.

The next step involves estimating achievable savings. In the case of initial heat flow
generation by a gas boiler, it will be necessary to consider an appropriate boiler efficiency
value, usually between 0.85 and 0.95. In addition, it will be necessary to know the price of
gas and electricity. For all parameters unknown a priori, a first-attempt value will be given,
which can be changed if more detailed data are available.

In cases where unconventional technologies are adopted for the initial heat flow gener-
ation, a more accurate assessment of feasibility and achievable savings is deemed necessary.

We now turn to the estimation of the investment cost. The data found in the literature
do not appear to be sufficient to construct a statistically significant relationship between
specific costs (EUR/kWy,) and the investment required. The values found, mainly from
online catalogs, applications, and studies in the literature, report specific costs varying be-
tween 150 EUR and 500EUR/kWy, [43,44]. Interviews with technology providers operating
in the heat pump market made it possible to obtain more accurate evaluations: the specific
cost ranges between 200 and 300 EUR/kWy, for the heat pump component alone to values
above 500 EUR/kWHh for the whole system.

By the results obtained, it was chosen to assume a specific cost of 500 EUR/kWy, for
output powers below 200 kWy, and 400 EUR/kWy, for higher powers.

It is possible to calculate the required investment and the associated PBP from the
knowledge of the specific cost of the heat pump system.

This assessment is made for each possible combination of waste heat flow and thermal
energy demand.

As in the previous case, we defined two correction factors set at a value of 0.9. In
particular, the increase in the initial investment-related heat pumps to take into account
other costs such as design costs or extra components, and the reduction in annual savings to
take into account both operation and maintenance costs and possible mismatches between



Sustainability 2022, 14, 12626

12 of 28

supply and demand (since the hours of operation, when provided, represent a purely
indicative value).

2.5. Waste Heat to Cold: Absorption Chiller Model

As in the previous cases, technical data of currently commercially available absorption
refrigeration cycles were collected for 40 units. For each unit, where available, we collected
information about: the manufacturer, model, input power (Py,), output cooling capacity
(Pc,out), input temperature (Tiy), output cold fluid temperature (Tout), processed flow rate,
carrier fluid type, working fluid type, and COP.

A significant linear relationship was found between cold fluid outlet temperature
(Tout) and COP performance coefficient. Figure 7 shows the linear regression analysis
conducted, the equation, and the correlation coefficient obtained.

0.9
0.8
0.7 o L] [} !
0.6
A 0.5
o [ (]
Q04
0.3

0.2 COP = 0.0166"Tout + 0.6012
01 R®=0.757
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Tout [OC]

Figure 7. Relation between Tyt and COP.

Both the correlation coefficient (R? = 0.757) and statistical significance (p-value = 3.72
x 10714 are satisfactory. Regarding the limits of applicability of the identified relationship,
for the operating points considered, the T, varies between —10 and 12 °C while the COP
varies between 0.37 and 0.75 (with output cooling capacity of individual modules varying
between 17 and 2100 kW). Table 4 shows the summary output of the regression analysis
conducted: correlation coefficient, sample numerosity, linear equation, and statistical
significance (p-value).

Table 4. Regression statistics.

Summary Output
Multiple R 0.870
R Square 0.757
Observations 43
Equation COP =0.0166 Tyt + 0.6012
p-value 3.72 x 10714

If the solution is technically implementable, cooling temperature (Tout) can be used to
calculate COP according to the linear relationship shown in Table 4.

Following the technical data and the literature search results, waste heat temperatures
between 80 and 120 °C and Tyt between —10 °C and 12 °C are permissible. Toyt outside
the range of values used for model construction results in extrapolations of the identified
relationship with obtaining COP values distant from reality.
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It is possible to calculate the required cooling capacity from the knowledge of flow
rate, specific heat, and temperature difference between the inlet and outlet of the cold fluid
(data previously collected and generally readily available). Through the COP, the required
heat capacity input to the absorber is determined. A minimum AT between hot fluid inlet
and outlet of 15 °C (first attempt value provided, which can be changed in the module)
is considered.

By comparing the required thermal power with the available thermal power, the
ability of the waste heat to satisfy, totally or partially, the cooling energy requirement
is determined.

Next comes the estimation of potential savings. Here it is necessary to know the current
generation system used in the company. In the most common case in which compression
refrigerators are used, it is possible to assume (if not known) the COP of the present systems
that is generally between 3 and 4. Through knowledge of the operation hours and the
energy cost, it is possible to determine the achievable savings as the difference between
the pre and post-intervention costs. It must be verified that the cooling energy produced
through the absorber does not exceed the requirement; alternatively, the absorber would
be oversized.

In the case of initial flow generation through other unconventional technologies, a
more accurate assessment will be needed.

As for the investment cost estimation, the low number of data did not allow the
construction of a statistically significant relationship between specific cost (EUR/kW) and
plant size parameters. In addition, the different sources analyzed report highly variable
cost values between 200 EUR/kW and 700 EUR/kW [45-47]. This variability is attributable
to the different operating and logistical conditions and the inclusion or non-inclusion of
other plant components (evaporative tower, water treatment unit, piping, and service).

Given these considerations, and thanks to the findings of the first round of interviews
with technology suppliers, it was chosen to divide the specific cost of the whole system for
absorption chiller plants into four cost ranges:

900 EUR/KW for cooling power output up to 100 kW

500 EUR/KW for cooling output power between 100-200 kW
350 EUR/KW for cooling output power between 200-1000 kW
250 EUR/KW for cooling output power higher than 1000 kW.

Once the investment is determined, the PBP can be calculated as the initial invest-
ment and annual savings ratio. This evaluation is carried out for all possible source—user
combinations.

As with the previous ones, the model implemented involves using two additional
correction factors, both set at the first-attempt value of 0.9. These factors concern the
increase in the initial investment related to absorption refrigerators to account for other
costs such as design costs or extra components and the reduction in annual savings to
account for both operation and maintenance costs and possible misalignments between
supply and demand.

2.6. Heat Exchange: Plate Heat Exchanger

The preliminary sizing module for heat exchangers was developed by considering
a specific type: the plate heat exchanger. Plate heat exchangers’ typical temperature and
pressure application range is generally limited. Depending on the type of gasket used, the
maximum temperature and pressure ranges in which plate heat exchangers can be safely
used are 200-250 °C and 25-30 bar, respectively. However, these characteristics appear to
be perfectly aligned with the boundaries of this work focused on heat recovery at low and
very low temperatures.

As for performance, this depends on numerous parameters and operational choices
that characterize the specific type of operation. In general, the level of heat exchange
efficiency for this type of exchanger is very high and can range from 95% up to more than
99%, with achievable temperature differences of even 1 °C.
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Going into the details of the developed model, the preliminary sizing of the heat
exchangers saw a slightly different procedure from what was developed for the other
technologies considered.

The performance of a heat exchanger is identified by reference to several parameters
that characterize the type of service. These parameters are usually thermal length, flow
rates, pressure drops, fouling coefficients, seals, maintenance requirements, type of fluids
involved, and materials used.

Because of these many factors, it was not considered appropriate to attempt to re-
construct a relationship that would link the output power with the few available input
data on waste heat; instead, it was necessary to go into the details of the heat exchange
relationships.

For each waste heat flow identified, the model compares the incoming waste heat flow
characteristics and the heat sink requirements (energy needs to be met). This comparison
determines the type of heat exchange process: no applicable process, heating up to the
required temperature, or preheating up to the maximum temperature achievable.

The input data required are:

e  For the waste flow (hot fluid), it is necessary to know the flow rate (11;,;), the specific
heat (c), not), and the temperature at which the flow is available (Tj, pot);

e  For the fluid to be heated (cold fluid), it is necessary to know the flow rate (11.,4), the
specific heat (¢, cold), and inlet and outlet temperatures (Tiy,, cord » Tout cold);

e  Time availability and type of the two fluids.

The first assessment concerns the comparison of inlet temperatures between the
two fluids:

Tin, hot > Tin, cold (2)

The possibility of meeting the required heat demand with the rejection stream is
limited by having a hot fluid inlet temperature higher than the cold fluid. After verifying
this simple condition, we can proceed by investigating the possibility of complete heating
or partial preheating of the considered flow. Then, the second condition to be evaluated is
the comparison between the inlet temperature of the waste fluid (hot fluid) and the outlet
temperature of the cold fluid (demand):

Tin, hot = Tout, cold (3)

This condition is the prerequisite for the required demand to be fully satisfied; if not
met, the only option is to preheat to the maximum temperature attainable.

In both cases, the next step is the evaluation of the thermal powers exchanged by the
two flows and verifying the outlet temperature to which the hot flow would be brought as
a result of heat exchange.

Table 5 shows a summary of the cases provided by the model with the different
conditions, associated functions, and derived variables necessary for subsequent sizing.

Qnor and Q.14 are, respectively, the heat in input to the heat exchanger (waste heat)
and the heat transferred to the fluid to be heated, 1y, is the efficiency of the heat exchanger,
ATpin is the minimum attainable temperature difference in the plate heat exchanger, while
Tout not is the outlet temperature of the waste heat flow.

Generally, plate heat exchangers can work with minimal temperature differences, as
low as 1 °C. In this model, we made a precautionary choice to set the AT, at 3 °C.

From here on in the formulas, we will refer, whatever conditions are met (Case 1,
Case 2, or Case 3)/ to the variables Only as: Tin,hot/ Tout,hotr Tin, colds Tout,cold/ Qhotr Qeold-

Having then determined the feasible process and its associated temperatures and heat
outputs, one can proceed with the actual preliminary sizing of the heat exchanger.
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Table 5. Summary of evaluations of the heat exchange process.

Cases

Conditions

Calculation Procedure Output Variables

Case 0 Tm, ot < Tin, cold

No heat exchange process is feasible None

Case 1

Tin, hot > Tauf, cold
Complete heating up to Tyyt, cord

Calculation of the required heat output,
led = mcald'cp,cold'(Touf, cold — Tim mld)
Calculation of heat required from waste heat, ) T
in, cold s Lout, cold
Qhot = Qeold / Mhe Qhot
Calculation of hot fluid output temperature, Q
Qpot cold
ot Cp hot

Tin, not » Tout, ot

Taui, hot = Tin, hot —

Calculation of the maximum temperature that the cold
fluid can reach,
(Tvut, CUIL")pmhcnting = Lin, hot — ATin;
Calculation of the required heat output,

Case 2

Tin, hot > Tin, cold and Tin, hot < Tout, cold
Preheating up to (Tout, cola)

(Qcold)pmhgming = mcold'cp,cnld'

[(Tout, mld)preheu;‘mg - Tin,a)ld] ;

Tin, hot 1 (Taut,hof)pmhmtl‘ng
Tin, cotdt + (Tout,cold) preheating

(tht ) preheating
(anld ) preheating

preheating Calculation of heat required from waste heat,

(Qrot )prcheuting = (Qeota) preheating /e
Calculation of hot fluid output temperature,
<Qhﬂf ) preheating

Tout, hot ing — Lin, hot — :
( out, ho )prehcatmg m, ho Mpot~Cp,hot

Tin, hot > Tout, cold and Tollt, hot < Tm, cold

Case 3 Tin, ot > Tin, cota and Tin, ot < Tout, cold
and (Toul, out)

Setting the minimum temperature that the hot
fluid can reach,

(Tout, Imt)m,',, = lLin,cold + ATyin;
Calculation of the maximum heat output available
from waste heat,

(Qnot)ywax = Mnot-Cpynot* [ Tin, ot = (Touthot) i );
Calculation of the heat output made available

Tim hot 1 (Tout/lmf)ml‘n

in, cold + (Tout,cold ) max

preheating < Tin, cold by the heat exchanger, (Qnot) max

Preheating up to (Tous, cold) oy (Qeold) max = (Qiot) o e (Qcold) max

Calculation of the maximum outlet temperature achievable
by the cold fluid,

(QCOId)ma\'
(Tout, uold)m,lx = Lin,cold + m .

The exchange surface area, one of the main drivers for determining the cost of a heat
exchanger, can be determined using the well-known sizing equation for a generic heat
exchanger [48]:

Q

5= KIMTD’

(4)

where the terms that appear represent:

S, heat exchange surface (mz);

Q, power (kW);

K, global heat transfer coefficient (kW / m? °C);

LMTD, log mean temperature difference.

With LMTD, that can be calculated using the following formula [48]:

LMTD = (AThot B ATCOld) (5)
ln( ATy )

ATeo1

where -Tjo; = Tinnot — Tout, cold € *Teotd = Tout,not — Tin, cold-

Regarding the overall heat transfer coefficient (K), reference was made to indicative
values: [49] reports a reference range of K for several pairs of fluid types (e.g., water-water,
steam-water, compressed air-water, ethyl alcohol-water). The values in [49] refer to cases
with typical pressure drops, i.e., between 0.3 and 0.6 bar, and with typical values of fouling
coefficients. Note how for other fouling factors, K can also be considerably lower.

In this work, for each pair of fluid types, the supplied range, defined for losses of 0.3
and 0.6 bar, respectively, was averaged and considered valid in this pressure drop range.

Pressure losses are inversely proportional to the size of the plate heat exchanger. In
cases where it is acceptable to increase the allowable pressure drop (with higher pumping
costs), the heat exchanger will be smaller and consequently less expensive.
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In addition, as generally expected in heat exchanger design, to consider the loss in heat
transfer efficiency due to the fouling of the transmission surfaces, an oversizing coefficient
is provided in the module to be applied to the calculated area. Specifically, oversizing
between 50 and 100 percent was considered typical.

Having defined the heat transfer surface area, one can move on to the economic
evaluation by estimating the investment cost, achievable savings, and thus the payback
time of the investment.

For investment cost estimation, numerous works aimed at defining cost functions
for heat exchangers have been analyzed [26,29-31,34]. Most of these reports use only the
exchange area (S) as an input variable through which an accurate estimate of component
costs can be obtained.

For the realization of this preliminary evaluation model, it was decided to use the
relationship proposed by [26], developed specifically for the exchangers made of stainless
steel, following the following relationship:

Cl€] = 8880 x (10.76-5)%42 (6)

As for the savings estimation, this is done by calculating the pre-intervention costs
avoided thanks to the proposed intervention. In particular, a natural gas boiler, a solution
widely used in industry, was chosen in the model as the standard technology for meeting
pre-intervention needs. In the case of the initial generation of the flow through other
unconventional technologies, a more accurate assessment will be needed to calculate
the savings.

Note the initial investment required and the achievable annual savings; it is pos-
sible to calculate the PBP obtained by relating the initial investment to the calculated
annual savings.

This procedure is carried out for each possible combination of waste heat flow and
demand heat flow.

Just as with the other models, correction factors were considered. Plant complications
can increase the economic investment depending on the specific case. In order to be
further cautious with the investment estimate, an additional correction factor was chosen
to increase the value of the cost obtained from the equation as a percentage. A reference
correction factor set at a first attempt value of 10 percent was included in the model. The
user can modify this value to account for special situations, such as in the case of the need to
use special materials or considerable distance between heat source and user, or in situations
requiring special sizing.

In addition, as done for the other technologies, a correction coefficient was again used
to reduce the savings achievable by the proposed intervention. A correction coefficient of
0.9 has been set, and, as in the previous case, this can be modified by the user to take into
account specific operating conditions that involve an increase in management difficulty,
higher pumping costs due to high-pressure drops, or the need for frequent maintenance
work due to the use of encrusting or corrosive fluids.

2.7. Final Considerations

The development of the models previously described was an iterative process carried
out by the research team in continuous discussion with other project partners, national and
international research projects, and, especially, WHR technology providers. During the
research project, 20 interviews were conducted. In particular, the support of the technology
suppliers was a crucial factor: their input allowed us to consolidate data collection, validate
the identified technical relationships and, above all, obtain updated economics ideally in
line with what the heat recovery technology market offers. These economic parameters,
helpful in estimating the required investment, would otherwise have been complicated to
find in the literature or by consulting online catalogs.

These interactions consolidate the results obtained, allowing the tool’s first tests by
comparing model outputs with actual proposed solutions.
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The last step for the realization of the preliminary evaluation tool saw the implemen-
tation of the models on an Excel file intended for use by the external user. The choice of
Excel is mainly due to the desire to obtain an easy-to-use tool for companies.

The Excel file consists of several worksheets:

1. “Data Input”: represents the main interface, in which preliminary evaluation informa-
tion about waste heat flows and energy needs will be entered;

2. “ORC evaluation”: preparatory to the preliminary evaluation of ORC technology;

3.  “Heat Pump evaluation”: preparatory to the preliminary evaluation of heat
pump technology;

4. “Absorption chiller evaluation”: preparatory to the preliminary evaluation of absorp-
tion chiller technology;

5. “Plate heat exchanger evaluation”: preparatory to the preliminary evaluation of plate
heat exchanger technology;
6.  “Other Information”: a section available to the user to enter additional information

deemed helpful in evaluating efficiency measures.

Once the input data (waste heat and energy demands) have been entered, the tool will
automatically evaluate the four technologies considered for each source-well combination.

For technical parameters such as AT, the efficiency of generation systems, heat ex-
change efficiency, and energy costs, a first attempt value will be provided based on the
findings of the literature analysis. However, there is always the possibility to adjust these
values in the case of an experienced user if detailed information is available.

3. Results and Discussion

The preliminary assessment tool was applied to three large companies operating in the
Italian industrial sector to validate and test the tool in the field and obtain valuable feedback
for its improvement. A call for interest was launched to intercept companies willing to
experiment with the tools developed within the research project to select case studies.
Among the selection criteria, belonging to the industrial sector and energy consumption
intensity were considered crucial. The three selected companies already had a high focus
on WHR and thus proved helpful in applying the tool.

3.1. Validation through Case Studies
3.1.1. Case Study 1: Large Company in the Food Industry

The first case study concerns a leading food multiproduct company in Italy. By the
high consumption of thermal energy used in most of the production processes characteristic
of the industrial plant, the company was intensely interested in the issue of heat recovery
and the search for efficiency measures.

The plant is equipped with a 6.8 MWe cogenerator plant that manages to produce
most of the electricity required (only approximately five percent of the annual electricity
consumed is purchased from the grid). The plant is equipped with a recovery steam
generator to produce process steam. Due to the high heat demand, the plant fully utilizes
the heat made available by the cogenerator, including lower enthalpy heat flows from the
engine cooling circuits, high-temperature water (HT) at 80 °C, and low-temperature water
(LT) at 50 °C.

The company is equipped with a thermal power plant with two boilers of 6 MWt each
to supplement the plant’s thermal needs and several refrigerators (electric chillers and
direct expansion refrigerators) located around the plant necessary for the production of
glycol water at temperatures of —2 and —8 °C.

The plant’s thermal energy consumption is more attributable to the demand for process
steam at a pressure of 10 bar used mainly for cooking processes. What is also important is
the consumption of HT and LT hot water, mainly used for pasteurization, seasoning, and
cleaning. Also significant is the need for refrigeration energy, mainly used for deep-freezing
processes, the refrigeration of warehouses for storing raw materials, semi-finished and
finished products, and seasoning processes.
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In cooperation with the company, we identified a waste heat that has not yet been
recovered and can potentially be valorized. This stream refers to the waste heat made
available from the desuperheating phase of the ammonia refrigeration plant that supplies
cold to approximately 200 rooms in the plant. Desuperheating is carried out through two
ammonia—water plate heat exchangers that raise the ammonia temperature from 85 °C to
approximately 65 °C. This available heat flow in hot water at 70 °C is not used.

The pasteurization process of a near department operating for a high number of
hours/year was identified as a possible destination. The pasteurization process requires the
temperature constant at 83 °C for the entire cycle. Losses from the vents are considerable;
at present, steam is used to maintain the temperature of the pasteurization process.

It is also essential to analyze the correspondence, both in terms of quantity and
availability, between waste heat and requirements to make an initial qualitative assessment
of technically implementable heat recovery technologies, taking into consideration the
four WHR types provided by the preliminary assessment model (waste heat recovery for
electricity production, refrigeration energy, and thermal energy at higher temperatures or
heat exchange).

Considering waste heat temperature (between 60 °C and 70 °C depending on oper-
ating conditions), it is not possible to use waste heat for electricity production by ORC
and refrigeration energy production by using absorption refrigerators. Given these consid-
erations and the plant’s high thermal energy requirements, possible alternatives involve
reusing waste heat for thermal energy production at a higher temperature using a heat
pump or preheating make-up water to be sent to the pasteurizer itself.

The correspondence between waste heat availability and thermal demand is always
guaranteed: waste heat is always available (8760 h/year), while the pasteurization process
can be estimated at 4800 h/year.

Table 6 summarizes all the information about the waste heat and the identified thermal
energy requirements. This information is used as input to the preliminary assessment model.

Table 6. Waste heat source and sink for case study 1.

Waste heat source Ammonia desuperheating
Type of fluid Water
Waste Heat Availability (hours/year) 8760 h/year
Flow rate 526 kg/s
Pressure <5 bar
Temperature 65 °C
Process Pastorizzazione
Type of fluid Water
Demand (hours/year) 4800 h/year
Thermal Energy Demand Flow rate 0.2kg/s
Pressure <5 bar
Required temperature (Tout) 83 °C
Initial temperature (Tin) 25° C

For the application of the preliminary assessment model, the procedure outlined in the
previous section was followed. Tables 7 and 8 show the results of the tool application for
the HP and PHE, respectively. For both technologies, the tables show the performance pa-
rameters, the installed power, and the economic parameters (investment, saving, and PBP).

For the preliminary evaluation of the heat pump and heat exchanger, all modifiable
parameters provided by the model were left at the suggested first attempt values since no
changes were deemed necessary given the absence of particular conditions.
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Table 7. Heat pump preliminary evaluation.

Heat Pump
Tout (OC) 83
ATyge 33
COP 4.70
Output Thermal Power (kWy,) 48.56
Electric Power (kW,) 10.33
Input Thermal Power (kWy,) 38.22
Coverage of needs 100%
Thermal Energy (MWhy, /year) 233.95
Electric Energy Needed (MWh,/year) 49.60
Annual Saving (EUR/year) 12,980.10
Investment (EUR) 26,976
PBP (years) 2.08

Table 8. Plate heat exchanger preliminary evaluation.

Plate Heat Exchanger
Tout (OC) 62

LMTD (°C) 13.93

S (m?) 0.734

Output Thermal Power (kWy,) 31.96

Coverage of needs 64.7%

Thermal Energy (MWhy, /year) 151.44
Annual Saving (EUR/year) 11,477.57
Investment (EUR) 21,618.08

PBP (years) 2.51

An electricity cost of 0.15 EUR/kWh and a methane cost of 84 EUR/MWh were chosen
for both evaluations. For the calculation of achievable energy savings, the efficiency of the
previous generation system of 0.90 was used. An oversizing coefficient of 50% was selected
for the PHE.

Both proposed interventions show favorable technical and economic parameters. In
both cases, the investment’s PBP is less than the value of 3 years, which many companies
use as the main indicator to assess the feasibility of an energy efficiency intervention.
Moreover, the two proposed interventions do not require significant initial investments
(27 KEUR for the HP and 22 KEUR for the HE). It should be noted that the use of the HP
results in the integral satisfaction of the thermal energy demand considered; in the case of
the PHE, this demand is only partially satisfied, making it necessary to use the previous
generation system to supplement the remaining share.

These results are sensitive to changes in parameters such as the cost of energy. For
example, assuming a methane gas cost of 40 EUR/MWh (before the increase in fuel price
in 2021) would result in a PBP of more than five years.

In conclusion, the two evaluated interventions are promising, so it is recommended
to investigate both proposals further and evaluate them following the evaluation crite-
ria that the company will reduce most appropriately (e.g., PBP, net present value, CO,
emission reduction).

It is worth noting that any achievable incentives that would further reduce the PBP of
the investment are not considered in the preliminary evaluation.

The Sankey diagrams in Figures 8 and 9 show graphical representations of the two
proposed efficiency measures. The size of the flows is proportional to the amount of energy.
At the same time, the different colorations differentiate the types of flows (electricity,
thermal energy, cooling energy, and natural gas) and the different temperatures at which
the flows are available. Both figures show how the portion of heat recovered accounts for
a low percentage of the total available waste heat that could potentially be used to meet
other needs.
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Figure 8. Heat pump Sankey diagram.
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Figure 9. Plate heat exchanger Sankey diagram.

3.1.2. Case Study 2: Large Company in the Paper and Paper Products Processing Industry

The company in question is a leading Italian multiproduct manufacturer of intimate
personal care products. The company is characterized by high energy consumption. Al-
though it is not a large user of thermal and cooling energy for production processes, it has
shown a strong interest in the issue of heat recovery, motivated by the continuous search for
improvement of its energy performance, including from the perspective of energy manage-
ment system for which the company is certified according to the ISO 50001:2018 standard.

The company’s structure under review is organized into three production lots where
the numerous production lines are concentrated. A large part of energy consumption
is represented by technical service, which includes the auxiliary services supporting the
production lines, such as the compressed air plant and other facilities.

The plant is equipped with a plant for the self-generation of electricity consisting of
an 8 MW, engine that mainly uses vegetable biomass (palm oil) for its operation and, to a
lesser extent, biodiesel for startup and shutdown. Some of the heat generated is recovered
by a first heat exchanger to produce 45 °C hot water and used in the air handling units.
Through a heat exchanger, heat from engine exhaust fumes is used to enable the operation
of the secondary ORC engine. An additional exchanger enables the production of high-
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temperature hot water at 90 °C used together with that produced by boilers mainly for
heating purposes. The remaining heat is dissipated at the stack with a temperature reduced
from 560 °C to approximately 120 °C.

The national power grid also supplies the plant to allow the sale of the energy produced
and not used or the purchase of the missing energy, and by methane, which is used at the
canteen, solvent disposal, and heating (in support of the cogenerator).

In collaboration with the company, an unrecovered waste stream has been identified.
This flow refers to the waste heat made available by one of the circuits that recovers
heat from the cogeneration system. The high-temperature circuit produces hot water at a
temperature of approximately 90 °C and is used both in the winter months for pre- and
post-heating of the AHUs (air handling units) and in the summer months to keep the palm
oil tanks at temperature (which would otherwise solidify) and to ensure proper summer
de-humidification. Such recovery, by the plant’s low thermal demand, is not optimized,
especially during summer.

The plant fully self-produces electricity (except for cogenerator shutdowns), and, given
the limited thermal demand, the only viable alternative appears to be to use this heat to
meet cooling energy needs through an absorption refrigerator.

The plant currently uses electric chillers. Since no chilled water meter was available,
hourly electrical absorption data of the chillers for 2021 were used to estimate the cooling
energy needs. During the summer months of June, July, August, and September, the
average electrical absorption was 605.3 kW, with an average COP of 2.5.

Table 9 summarizes all the information collected about the identified waste heat and
cooling energy requirements. This information will be used as input to the preliminary
assessment model.

Table 9. Waste heat source and sink for case study 2.

Waste heat source Cogenerator cooling
Type of fluid Water
Waste Heat Availability (hours/year) 7500 h/year
Flow rate 11.11 kg/s
Pressure <5 bar
Temperature 90 °C
Process Air conditioning
Type of fluid Cooling water
Demand (hours/year) 2500 h/year
Cooling Energy Demand Flow rate 2891kg/s
Pressure <5 bar
Required temperature (Tout) 7°C
Initial temperature (Tin) 12°C

Using the input data described above (Table 9), Table 10 shows the results obtained
from applying the model for absorption refrigerator technology.

An electricity cost of 0.16 EUR/kWh, and a COP of the previous generation system of
2.5 was used to calculate the achievable energy savings, following the data provided by
the company. Except for the waste heat temperature jump set at 20 °C, all other selectable
parameters were left at the values of the first attempt as no changes were deemed necessary
given the absence of particular conditions.

The proposed intervention has favorable economic parameters. The payback time
of the investment turns out to be two years against a nonnegligible initial investment of
approximately 234 KEUR with an estimated annual savings of 87.9 kKEUR/year. Moreover,
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by performing a sensitivity analysis of the PBP by varying the cost of electricity from 0.10
to 0.20 EUR/kWhg, the PBP remains contained between 2.13 years and 4.25 years.

Table 10. Absorption chiller preliminary evaluation.

Absorption Chiller
Tout (°C) 7
COP 0.646
Maximum Output Cooling Power (kW) 600.6
Cooling Power needed (kW) 1512.5
Coverage of needs 40%
Cooling Energy (MWh/year) 1501.5
Annual Saving (EUR/year) 87,885.1
Investment (EUR) 233,569.5
PBP (years) 2.66

The excellent results can only suggest a deepening of the identified efficiency interven-
tion for the company.

Figure 10 shows the proposed efficiency intervention’s graphical representation via
the Sankey diagram: approximately 30%waste heat is recovered to produce cooling energy
by reducing the electrical demand of chillers.

Electricity
Thermal energy (90°C)

Cooling energy (7°C)

Figure 10. Absorption chiller Sankey diagram.

3.1.3. Case Study 3: Large Company in the Rubber and Plastic Products
Processing Industry

The company is a leader in the rubber processing industry and, under its high thermal
energy consumption, especially in the form of steam used in the production process, was
immediately interested in the issue of heat recovery.

The plant, which is the subject of the study, is not currently equipped with systems for
the self-generation of energy and purchases all the necessary electricity from the grid.

The thermal energy needs of the plant are almost entirely due to the demand for
process steam. Steam is produced in a thermal power plant consisting of two natural gas-
fired diathermic oil boilers with a thermal output of 7 MWy, each. The average efficiency
of the thermal power plant is approximately 93%. There is also a condensate collection
tank from the plant inside the thermal power plant. The plant’s production utilities require
steam at three pressure levels: 9, 12, and 15 bar under saturated steam conditions. The
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recovered condensates are partly used, through appropriate heat exchangers, to produce
domestic hot water and space heating.

The cooling energy required by the plant is supplied through the use of electric
chillers located in the various areas of the plant for a total of approximately 2000 kW
installed. The primary demand for cooling energy is due to chilled water production for
the curing process. The remaining thermal energy demand is due to the refrigeration of
the conditioned chambers where temperature-controlled raw materials are stored. The
required chilled water temperature for all utilities is 7 °C with an inlet at 12 °C.

In collaboration with the company, we identified a waste heat flow that could poten-
tially be valorized. This flow refers to steam condensate downstream of the production
process, which does not appear to be fully recovered. In collaboration with the company,
we evaluated the possibility of recovering the condensate in the form of a single stream:
assuming that the condensate is fully recovered, the intervention would make available a
flow rate of approximately 0.6 kg/s of superheated water at a temperature of approximately
175 °C and a pressure of 1050 kPa.

It is also essential to analyze the correspondence, both in terms of quantity and
availability, between waste heat and requirements.

Since the temperatures required by the thermal consumers are very high (>180 °C), it
does not appear possible to use waste heat to meet part of the thermal needs of the plant.

Instead, in the case study considered, logistical constraints prevent the use of waste
heat for a colling generation. Additional considerations can be made in evaluating the
application of absorption chillers. However, the characteristics of waste heat, given its
low flow rate (0.6 kg/s), high temperature (175 °C), and high pressure (1050 kPa), do not
allow direct use of waste heat for the technologies currently being considered for modeling.
However, it would be possible to envisage a superheated water-hot water heat exchanger
with the subsequent use of hot water to feed the absorber. This would certainly imply an
extra cost for the heat exchanger but would allow the use of a classical absorber with a low
investment cost. These considerations imply the assumption of additional parameters that
require a more detailed evaluation.

Given these considerations, the only available alternative involves reusing waste heat
for power generation through an ORC plant.

Regarding the match between waste heat availability and electricity demand, this is
always guaranteed and can be estimated at 8000 h/year (the plant operates 24 h a day for
approximately 340 days a year). Moreover, given the relatively low flow rate of poten-
tially recoverable condensates, their recovery will ensure only the marginal satisfaction of
electricity requirements.

Table 11 summarizes the information needed to apply the model for the preliminary
assessment of ORC technology.

Table 11. Waste heat source and sink for case study 3.

Waste heat source Unrecovered condensates
Type of fluid Superheated water
Waste Heat Availability (hours/year) 8000 h/year
Flow rate 0.6 kg/s
Pressure 1050 kPa
Temperature ~170 °C
Electricity demand (kWh/year) >10 GWh/year
Electricity Self-generated electricity (kWh/year) Not present
Cost of electricity 0.185 EUR/kWh

The procedure outlined in the previous section was followed for applying the prelimi-
nary evaluation model. The results of applying the preliminary evaluation model for ORC
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technology are shown in Table 12. In addition to the data shown in Table 11, an evaporator
outlet temperature of 140 °C (corresponding to a AT between the inlet and the outlet of the
waste fluid of 30 °C) was assumed.

Table 12. ORC preliminary evaluation.

ORC
Input Thermal Power (kW ): 75.35
Electric Power (kW,): 8.54
Electric Energy (MWhe /year): 74.83
O&M costs (EUR/year) 748.33
Annual Saving (EUR/year): 11,711.36
Investment (EUR) 49,466.87
PBP (years) 4.22

The initial investment turns out to be relatively high because of the low power and
thus high specific cost (approximately 6000 EUR/kWe). The PBP is also acceptable if it
is higher than three years. In addition, given the still relatively high working fluid outlet
temperature (estimated at approximately 140 °C), additional cascade heat recovery could
be considered. In conclusion, although the PBP is high, the intervention is promising, and
the company is advised to evaluate it further.

It is worth noting that this preliminary assessment does not consider any available
incentives that would further reduce the PBP.

Figure 11 shows the proposed ORC plant’s graphical representation via Sankey diagrams.

] Other losses[] Thermal Energy (170°C)
- Thermal Energy (140°C)
_ Thermal Energy (35°C)
I Electricity

Uother losses

Figure 11. ORC Sankey diagram.

By analyzing Sankey’s diagram, it is possible to see the still high potential of waste
heat that can be further exploited.

3.2. Discussion

Thanks to the collaboration of companies operating in the Italian industrial scenario,
it was possible to carry out the necessary operations to test and validate the proposed tool.

A common approach was followed for the three cases: starting with the presentation
of the research project, where possible, organizing a plant site visit, and then moving on to
data collection preparatory to the application of the models.

The data collection phase is undoubtedly the most time-consuming; however, this did
not generate problems during applications, as all companies had most of the necessary
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data. This aspect is of paramount importance, deriving a design of tools that could be
successfully applied using data and a level of detail that companies typically have.
Table 13 summarizes the results of the interventions evaluated in the analyzed case studies.

Table 13. Summary of results obtained through the application of the preliminary assessment tool for
the case studies analyzed.

Technology Output

Case Study Waste Heat Use Proposed Power Investment PBP
Pasteurization
Large company in the food Ammonia refrigeration process Heat pump 48.6 kWi, 270 KEUR 208y
industry system Preheatlr}g water for the Plate heat 31.6 KWy, 21.6 KEUR 251y
pasteurization process exchanger

Large company in the paper and
paper products processing
industry
Large company in the rubber
and plastic products processing
industry

Heat recovery from Air conditioning Absorption g0 ¢ }W.  2336KEUR  2.66y
cogenerator chiller
Steam condensates Power generation ORC 8.5 kW, 49.5 KEUR 422y

All the results obtained were considered attractive by both the research team and the
companies involved; therefore, the values obtained suggest further study. It should be
remembered how the purpose of the applied model is to obtain as realistic a preliminary
assessment as possible to identify the most suitable solutions with characteristics that merit
a more detailed study.

Following the applications of the case studies, it was not deemed necessary to make
significant changes to the tools developed due to the excellent results obtained. This aspect
can be attributable to the tool being explicitly designed for application in the industrial
context, always considering the amount and type of data needed aligning with the avail-
ability of companies. Therefore, the experiments had the primary and fundamental role of
validating and contextualizing the tool by demonstrating its appropriateness and usability.
Since similar results were not available in the scientific literature, validation of these results
was carried out through the formation of a “focus group.” Together with the companies
and technology providers, the results obtained were reviewed and found to be aligned
with similar applications made by technology providers.

It should be emphasized that the applications allowed smoothly to propose attractive
solutions, despite the high level of maturity and attention with which the case study
companies were already addressing energy efficiency issues. The methodology made it
possible to identify flows that were not easy to exploit and to identify suitable technologies
operating under conditions that were not particularly favorable. Companies were often
unaware of the ability of such technologies to be usable at certain temperatures and, more
importantly, of the performance achievable: this demonstrates the innovativeness and the
impact of this tool.

4. Conclusions

In this work, we proposed and developed an easy-to-use tool to support companies
in evaluating low and very low-temperature heat recovery solutions. The tool allows a
preliminary analysis of the potential of heat recovery of the most representative technologies
in the industrial scenario and defines an estimate of the achievable performances. The tool
considers the most representative technology for each type of WHR: ORC for electric power
generation, HP for thermal power generation, AC for cooling power generation, and PHE
for low-temperature heat exchange applications. We developed a specific model for each
selected technology based on technical and economic characteristics collected during the
literature review and consolidated with technology suppliers. The research team’s goal
was to create a tool that is perfectly placed in the industrial context and can be integrated
with the energy efficiency tools commonly used by companies. For example, this tool can
represent valid support for a company in conducting an energy audit according to the
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principles introduced by the Energy Efficiency European Directive 2012/27/EU or in the
search for efficiency measures in an Energy Management System.

In this regard, interaction with technology providers was a crucial contribution to the
development of the lines of activity of the research group. During the research project,
20 interviews were conducted with technology providers and national and international
research projects, which allowed the proposed tool to be contextualized and validated.

In addition, the tool was tested on operating industrial companies. A total of three case
studies were addressed: a large company in the food industry, a large company in the paper
and paper products processing industry, and a large company in the rubber and plastic
products processing industry. It was possible to identify an unrecovered waste heat stream
for each company. With a small number of input data, the application of the tool allowed us
to evaluate technically implementable and economically attractive WHR technologies (PBP
between 2.1 and 4.2 years). This experimentation proved to be very successful: we found
cost-effective solutions that the companies had not considered before, despite the high level
of attention with which they were already approaching energy efficiency improvements,
confirming the tools” effectiveness.

The feedback obtained from technology providers, national and international research
projects and possible user companies highlighted the project’s success. These interactions
made it possible to confirm the alignment of our research topic with the national and
international scientific landscape and the recognized usefulness of the tools developed in
supporting the dissemination of heat recovery technologies.

The future developments of this work will involve the improvement of the perfor-
mance of the models and, at the same time, expand it, considering the most promising
technologies on the market.
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