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Abstract: Waste heat recovery is considered as one of the most promising options to improve the
efficiency and sustainability of industrial processes. Even though industrial waste heat is abundantly
available and its utilization is not a new concept, the implementation rate of waste-heat recovery
interventions in industrial facilities is still low, due to several real or perceived barriers. Foremost
challenges are represented by technical, economic, financial and regulatory factors. An additional
prominent barrier lies in the lack or incompleteness of information concerning the material and
energy flows within the factories, and the types and characteristics of waste heat sources and possible
sinks for their internal or external reuse. With the aim to overcome some of the information barriers
and increase the willingness of companies to approach waste heat recovery and reuse, a methodology
to map waste heat sources and sinks in industrial processes is proposed in this study. The approach
here presented combines information from the most relevant publications on the subject and data
gathered from the analysis of energy audits carried out by large and energy-intensive enterprises. In
order to demonstrate its feasibility, the methodology was applied to the Italian dairy sector, because
of its large energy consumption and its enormous potential for the utilization of low-temperature
waste heat sources.

Keywords: energy efficiency; waste heat recovery; waste heat survey; dairy industry

1. Introduction

Energy efficiency represents one of the key principles of the European energy policies,
being considered as the most affordable and effective way to reduce greenhouse gases
(GHG) emissions and energy dependency, increase the security of supply and strengthen
the competitiveness and environmental sustainability of EU countries.

As part of the Clean Energy for all Europeans package [1], the revised Energy Efficiency
Directive (EED) [2] set a new binding target of at least 32.5% energy efficiency by 2030,
that would lead to a reduction in GHG emissions of about 45%. With the adoption of
the European Green Deal in December 2019 [3], the European Commission raised the
level of climate ambition, setting a new 2030 target of reducing GHG emissions by at least
55% (compared to 1990). To reach this goal, in July 2021, the European Commission has
proposed a new directive on energy efficiency [4], raising the energy efficiency targets by at
least 36–37% and 39–41% for primary and final energy consumption, respectively.

Despite a reduction of energy consumption driven by energy efficiency measures in
the last years, industry is still one of the large energy users in EU, accounting for around
26% of the final energy consumption [5] and 21% of GHG emissions [6] in 2019. As
highlighted in the Strategy for Energy System Integration [7] defined in the framework of
the European Green Deal, space and process heating in industry is responsible for more
than 60% of the energy demand. Even though waste heat integration and process efficiency
optimization are widespread practices across the industrial sectors, a huge amount of the
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energy consumed by heating processes is still wasted in the form of heat. Thus, the recovery
of such waste heat can have a significant impact in supporting the reduction of energy
demand and the decarbonization of industrial processes.

In view of this, the Strategy for Energy System Integration [7] promoted the transition
to a “more circular” energy system, where unavoidable waste streams are reused for energy
purposes and synergies among enterprises are exploited.

Despite its technical and economic benefits, waste heat recovery still remains unex-
plored, due to the existence of several technical and non-technical barriers. Major technical
barriers include low heat transfer rates, temporal, spatial and quality mismatch between
sources and sinks of waste heat, process-specific constraints and inaccessibility. Non-
technical barriers are represented by long payback periods due to high capital costs, the
lack of economy of scale and proper subsidy policies. A further challenge is represented
by informational barriers, namely the little confidence in waste heat recovery technologies
and the lack or incompleteness of information regarding the material and energy flows
within the industrial facilities, the origin, quality and quantity of waste heat sources and
possible internal or external waste heat acceptors [8].

Challenges become even greater when considering the recovery from low (from
120 ◦C to 230 ◦C) and very-low (<120 ◦C) grade heat [9], which actually accounts for the
greatest share of the overall theoretical (physical) waste heat production in EU industry
(920 TWh) [10]. This is not only due to the low energy level, but also to the lack of maturity
of certain suitable waste heat recovery technologies and the relatively limited knowledge
on the subject compared to other energy efficiency measures.

Recently, a certain number of studies explored challenges and opportunities for low-
temperature waste heat recovery in many respects. A research branch reviewed the most
suitable technologies for capturing waste heat, depending on temperature level, type of
industrial process responsible for the production of excess heat and type of waste heat
utilization (direct use or heat conversion) [11–13]. In addition to the direct use of waste heat
via heat-exchangers, attention was paid to heat conversion technologies for heat-upgrade
(absorption, compression and chemical heat pumps) and electricity production (ORC,
Kalina cycles, thermoelectric generators) [13–17]. A recent study revised the potential of
using nanofluids to enhance the efficiency of heat transfer in heat-to-heat and heat-to-power
technologies [18].

The technical and economic feasibility of recovering low-temperature waste heat was
also investigated via experimental analyses and simulations models. Case studies mainly
concerned the recovery of waste heat generated in iron and steel [19–22], ceramic [23–26],
paper and pulp [27,28], textile [29–33] and food sectors [34–43].

A few studies focused on the analysis of potential industrial sources of low-grade
waste heat. In this regard, waste heat sources were classified according to the temperature
level and type of industrial sector in [13,44,45]. Data on temperature and mass flow rate
of waste heat available per unit of mass of product were provided only for textile and
paper sectors [46] and food industry, focusing on dairy, meat, canned fruit and vegetable
processing facilities [47,48]. As regards to dairy sector, studies in [49,50] identified the
potential sinks of waste heat, in the context of a wider investigation aimed at examining
retrofit options for the energy efficiency enhancement of dairy processes.

The assessment of waste heat sources and the possible waste heat acceptors was also
addressed in some recent works dealing with the development of tools for the simula-
tion and optimization of waste heat recovery projects. In this regard, Simeone et al. [8]
and Wooley et al. [51] built a decision support tool to evaluate the compatibility of waste
heat sources and sinks, along with economic and environmental benefits arising from the
integration of available heat exchanger technologies to recover waste heat within a man-
ufacturing facility. Notably, the framework for the energy recovery assessment provides
for a preliminary survey of waste heat sources and sinks, based on direct measurements
via invasive or non-invasive devices. The European project Greenfoods [52,53] dealt with
the definition of an energy audit and management tool for food and beverage industries,
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where waste heat sources are identified and preliminary quantified by knowing the energy
inputs (natural gas, coal, electricity, etc.) and setting up mass and energy balances of manu-
facturing processes. The CE-HEAT project [54] implemented an on-line toolbox to perform
a pre-feasibility analysis of different waste heat recovery options, assuming as input data
the characteristics of waste heat sources in terms of type of emission, temperature and
thermal power.

However, all these works [8,51–54] did not focus on the identification of waste heat
sources released by the production processes, being regarded as input data or unknown
data that need to be directly measured or indirectly evaluated by solving complex energy
balances.

The literature review highlighted that there is a lack of comprehensive methodologies
to systematically analyze industrial processes and identify the origin and the key charac-
teristics of low-temperature waste heat sources and sinks. Furthermore, no methodology
has attempted so far to identify waste heat sources and to relate them with potential heat
sinks by using literature data for the preliminary assessment and large datasets collected
through the analysis of energy audits for model refinement and validation.

This could represent a relevant leap forward an increased knowledge of waste heat
recovery potentials and processes, thus facilitating the first approach of companies to this
topic and reducing the amount of input data required to perform the feasibility analyses.

With the aim to fill this research gap, the current study presents a methodology for
the identification and characterization of the whole set of waste heat streams within a
production process and the potential waste heat acceptors, which can be effectively repro-
duced and applied to every industrial sector. The methodology will support stakeholders,
such as academics and energy consultants, in accomplishing the assessment of waste heat
sources, which represent the necessary preliminary step in evaluating the technical and the
economic feasible waste heat potential within industrial processes.

Specifically, the methodology provides for the definition of a typical production
process, the selection of process phases generating low-grade waste heat sources, the
identification and thermodynamic characterization of waste heat sources at phase-level and,
finally, the definition of possible sinks for waste heat reuse. This step-by-step approach is
based on data from literature review and its validation via comparison with the information
retrieved from the analysis of energy audits. Such information is periodically gathered
by ENEA, the Italian National Agency for New Technologies, Energy and Sustainable
Economic Development, in fulfilment of Italian Legislative Decree 102/2014 [55], which
established mandatory energy audits for large and energy intensive companies every
four years.

In order to assess its feasibility, the methodology was applied to some of the most
common manufacturing processes of the Italian dairy industry, where low-grade waste
heat is characterized by a huge potential, being generated from several process stages
(pre-heating, pasteurization, sterilization, cooling, clean-in-place, etc.), in the form of steam
condensate, hot water, cooling water and intermediate-product streams.

This work lies in the framework of a wider research project, funded by the Ministry
of Economic Development through a three-year research plan named “Ricerca di Sistema
Elettrico” (“Electric System Research”). The project aims to support industrial companies
in the implementation of low-temperature waste heat recovery projects. Specifically, its
main outcome will be an application software to identify industrial waste heat recovery
opportunities and to select the most promising options, based on the evaluation and com-
parison of their energy, economic and environmental performances. Thus, the methodology
proposed in this study will permit the development of a specific module of the software
tool, containing data for a complete survey of waste heat sources and sinks related to three
Italian industrial sectors (dairy, baked products and textile).



Energies 2022, 15, 155 4 of 33

2. Methodology for the Identification and Characterization of Low-Temperature Waste
Heat Sources within Industrial Processes

Industrial processes involve a set of unit operations to convert raw materials into
finished parts or products. Each unit operation is a basic step, where a physical or a
chemical transformation is performed, depending on the characteristics of inlet and outlet
mass and energy flows. Waste heat energy streams are represented by outlet flows, in the
form of hot air, hot exhaust gases, and hot liquids, that are released into the environment at
temperatures high enough above the ambient temperature to permit the recovery of some
fraction of their thermal energy for useful purposes.

As well-known, the production process of a given product can change significantly
from one industry to another. This is because manufacturing plants have unique character-
istics, in terms of size, structure and operating procedures, that affect the pattern of mass
and energy flows.

A common approach to overcome this issue is to model a typical production process,
allowing to generically analyze inlet and outlet mass and energy flows and identify waste
heat sources within the process itself [56]. Depending on temperature level of waste heat
sources and sinks, possible combinations and waste heat recovery technologies can be
preliminary identified.

Using such approach, a step-by-step methodology was defined to accomplish a com-
plete survey of waste heat sources and sinks within industrial processes. On the basis of
data collected from technical manuals, reports and research papers, the methodology allows
for the definition of a typical production process, the selection of process phases generating
low-grade waste heat sources, the identification and thermodynamic characterization of
waste heat sources at phase-level and, finally, the definition of possible sinks for waste heat
reuse. As a result, two preliminary schemes are obtained: a process scheme and a scheme
of low-temperature waste heat sources. Using data arising from the analysis of energy
audits, the information collected in these schemes is validated, enriched, contextualized
and, finally, merged together to form a new comprehensive scheme.

Furthermore, an additional scheme concerning waste heat sinks is generated by
combining literature data with data arising from waste heat recovery projects envisaged in
the framework of energy audits. The two schemes can be overlapped in order to obtain
a complete description of the process, the related waste heat generated and the possible
ways to reuse it.

Specifically, the methodology adopted for the definition of a “typical” production
process scheme includes four main steps:

(a) Review of the technical literature related to the industrial sectors

In this step, the reference documents on the best available techniques (BREF), technical
reports and scientific articles are gathered and analyzed to acquire preliminary information
on the main types of production processes operated within the industrial sector of interest.
Based on the type and amount of information available, production processes to be further
investigated are identified.

(b) Identification of process schemes from literature

With reference to production processes defined at point (a), process schemes, indicating
the set of process phases required to turn raw materials into the final product, are identified
from the literature review.

(c) Comparison of process schemes from literature

Process schemes from literature concerning the same product are compared to verify
the existence of any differences in terms of sequence and operating conditions of production
phases.

(d) Definition of a scheme of a “typical” production process
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Based on the analysis and comparison of the process schemes from literature, as
indicated at points (b) and (c), a “typical” process scheme for each product is defined. The
scheme indicates:

• the sequence of phases of a typical production unit, starting from the preparation of
raw materials up to the manufacturing and finishing of the final product;

• the raw materials and the auxiliary services required (water, steam, compressed air,
etc.);

• the phases generating low-grade waste heat.

After defining the “typical” process scheme of a certain product, a scheme of waste
heat sources is obtained via a four-step procedure, as detailed below:

(e) Preliminary identification of waste heat sources

In the first step, phases within the “typical” process scheme generating low-grade
waste heat (point (d)) are carefully analyzed. The aim is to carry out a preliminary survey
of low-temperature waste heat sources, based on the analysis of the relative inlet and outlet
material flows and energy vectors (natural gas, steam, hot water, air, etc.).

(f) Comparison and verification based on literature data

The potential waste heat sources identified at point (e) are compared with those
indicated in literature studies, such as scientific articles focusing on waste heat recovery
in industrial processes or technical manuals concerning the energy efficiency of industrial
processes. The purpose is to validate the types of waste heat sources previously identified
and to detect any additional low-grade heat loss not directly deducible from the analysis of
the “typical” process scheme.

(g) Characterization of waste heat sources based on literature data

Using the information gathered from scientific articles and technical manuals concern-
ing the efficiency of industrial processes, waste heat sources are characterized, depending
on data availability, in terms of type of vector (exhaust gas, steam, condensate, etc.), tem-
perature, pressure, mass flow rate and theoretical waste heat recoverable.

(h) Definition of a scheme of low-temperature waste heat sources

Integrating the data set characterizing the waste heat sources (temperature, pressure,
flow rate, theoretical waste heat recoverable per unit of product, etc.), a preliminary scheme
of low-temperature waste heat sources is defined. Depending on temperature level of
waste heat sources, candidate energy sinks and waste heat recovery technologies are also
preliminary identified on the basis of information gathered from the technical literature
review.

Validation and Contextualization via Comparison with Data from Energy Audits and Identification
of Possible Waste Heat Sinks

The energy audit is widely regarded as one of the most cost-effective instruments for
analyzing energy flows and assessing energy consumption within enterprises or individual
processes and exploring potential energy, cost and emission saving opportunities [57,58].
From a regulatory point of view, the energy audit is regulated by the Article 8 of EED [2],
according to all large enterprises shall undertake an independent, cost-effective and high-
quality energy audit at least every four years or they may implement an energy or envi-
ronmental management system, which includes an energy audit. In compliance with the
EU regulatory framework, Article 8 has been transposed into the Italian legislation via the
Legislative Decree N. 102 of 4 July 2014 [55], recently updated by the Legislative Decree
n. 73/2020 [59]. According to article 8 of such Decree, the energy audit obligation applies
to large (as defined in [60]) and energy intensive industries, intended as the ones with
large energy consumptions (electricity consumption more than 1 GWh/year) applying
for a tax relief on part of the purchased energy. All the energy intensive enterprises are
registered on the list of “Cassa per i servizi energetici ed ambientali” (“Fund for Energy
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and Environmental Services – CSEA”). The Italian energy audit program, including data
gathering and sector analysis, is managed by ENEA, which has received on 31 December
2019, 11,172 energy audits of production sites related to 6434 companies.

In the framework of the proposed methodology, the analysis of energy audits carried
out by enterprises in the industrial sectors of interest is aimed at retrieving information
about product processing, types and characteristics of waste heat recovery sources at
different process stages and case studies regarding the implementation of technologies or
solutions for the reuse of waste heat.

The purpose of such investigation is twofold:

• validating, enriching and contextualizing at national level the schemes of product
manufacturing process and waste heat sources generated as a byproduct;

• identifying possible waste heat acceptors other than those defined in technical litera-
ture.

Figure 1 summarizes the main phases of the methodology developed in this study to
define the schemes of product manufacturing process and low-temperature waste heat sources.
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3. Application of the Methodology to the Case of Dairy Sector

With the aim of demonstrating its feasibility, the methodology was applied to the
case of dairy sector, taking as a reference the process of pasteurized milk production.
The literature review allowed to identify documents containing information and process
schemes regarding the pasteurized milk production. Attention was focused on the reference
document on the best available techniques (BREF) for food, beverage and milk industry [61]
and the study by Ramirez et al. [62], where two different process schemes were identified:
the first one refers to the production process of pasteurized milk, while the second scheme
outlines the process phases of the main dairy products, such as milk, powdered and
condensed milk, yoghurt, butter and cheese. By analyzing and comparing these schemes,
the set of stages involved in the pasteurized milk production and the temperature levels of
each phase were defined. Reworking the information found in the literature, the scheme of
a “typical” process for pasteurized milk production was defined. As shown in Figure 2, the
new scheme:

• outlines the sequence of stages to convert raw milk into pasteurized milk;
• preliminarily identifies the main process phases responsible for low-temperature waste

heat generation (indicated in black color in Figure 2), which include the phases of
pasteurization and cooling of the pasteurized milk.
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Figure 2. Scheme of a “typical” process for pasteurized milk production (from authors’ elaboration).

After defining the typical flow diagram for pasteurized milk processing, a further
investigation was carried out to characterize more comprehensively the process phases
with low-temperature waste heat generation (pasteurization and cooling) and identify the
corresponding waste heat streams.

Based on the analysis of mass and energy flows involved and the information found
in [48,61–64], four low-temperature waste heat sources (S) were identified within the
pasteurization phase, including:

• S1: the condensate of steam required for process water heating;
• S2: the hot process water at the pasteurizer outlet;
• S3: the pasteurizer overflow;
• S4: the water (or steam) used for the cleaning and sanitizing of the pasteurizer.
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Information included in the technical literature allowed to define temperature ranges
of all waste heat streams (S1–S4) [48,64]; data concerning the waste heat mass flow rate per
unit of raw milk treated were found only for the pasteurizer overflow (S3) and the water
(or steam) for the pasteurizer clean-up (S4) [48].

Regarding the cooling process of pasteurized milk, waste heat is released during the
condensation process of the refrigerant fluid evolving within chillers for cooling water
production (S5). The heat of condensation is normally removed via cooling water in a
closed loop and then released into the air [65,66].

Combining the data previously collected, a preliminary scheme of low-temperature
waste heat sources was outlined (Figure 3). Such diagram not only identifies and locates
sources of low-temperature waste heat related to pasteurized milk processing, but it also
provides a preliminary characterization of waste heat streams in terms of temperature and
specific flow rates, depending on the information available in the literature.
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3.1. Analysis of the Energy Audits of the Italian Dairy Sector

With the aim to validate, improve and contextualize the scheme of pasteurized milk
production process and the corresponding scheme of low-temperature waste heat sources
to the Italian dairy industry, energy audits carried out by large and energy-intensive
enterprises in the year 2019, in compliance with the Legislative Decree N. 102 of 4 July
2014 [55], were examined. The paragraph outlines the main findings of this analysis, with a
focus on waste heat sources identified within the manufacturing processes of dairy products
and the waste heat recovery interventions envisaged by enterprises to improve their energy
efficiency. It is important to emphasize that such information is rarely clearly stated in
the energy audits, and the lexicon used by the enterprises is neither standardized nor
always univocal. Therefore, the results presented in this paper were obtained by carefully
analyzing and elaborating data retrieved from energy audits, which were then aggregated
and presented in anonymous form.
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3.1.1. Overview of the Italian Dairy Sector

According to the ATECO classification, the dairy sector consists of two main sub-
sectors [67]: “10.51.10—Hygienic treatment of milk” and “10.51.20—Production of milk
derivatives”. The first sub-sector includes companies whose main activity is the production
of fresh, pasteurized, sterilized, homogenized or ultra-high temperature (UHT) milk. The
second sub-sector comprises companies involved in the production of milk-based bever-
ages, cream made with fresh, pasteurized, sterilized, homogenized liquid milk, powdered
or concentrated milk, butter, yoghurt, cheese, curd, whey, lactose and lactic ferments.

The study focused on large and energy-intensive businesses, which are obliged to
undertake an energy audit in compliance with the Italian Legislative Decree 102/2014.
Specifically, data provided by 79 dairy enterprises were deeply analyzed. Over 70% of
companies in this sample (57) belong to the sub-sector 10.51.20, while the remainder to the
sub-sector 10.51.10 (22).

The Italian dairy industry is not a uniform sector, since the production capacity can
vary significantly among enterprises. In this regard, Table 1 shows the diversification of the
production sites investigated in terms of annual production, varying the unit of measure
adopted (tons, kilograms, litres or number of pieces). As an example, the production
capacity expressed in t/year, which represents the most used unit of measure (60% of the
overall sample), ranges from 450 t/year to approximately 400,000 t/year. A comparable
dispersion is observed for the statistical distribution of annual productions in kg/year.

Table 1. Statistical distribution functions of the annual production of dairy enterprises investigated,
varying the unit of measure.

Unit of Measure of the Annual Production

t/Year (×103) kg/Year (×103) L/Year Pieces/Year

Sample size 45 24 8 2
Min 450.0 42.9 4807.0 54,393.0

Lower quartile 10,905.8 3267.6 10,530.9 57,459.8
Median 33,258.7 12,531.0 18,540.8 60,526.5
Mean 60,358.2 51,622.4 20,127.4 60,526.5

Upper quartile 83,254.7 42,084.5 27,483.1 63,593.3
Max 399,319.0 400,896.2 41,943.6 66,660.0
Total 2,716,118.3 1,238,938.4 161,019.3 121,053.0

Milk processed in dairy industries is used to produce a wide variety of products:
pasteurized milk, ultra-high-temperature milk, cream, butter, soft and hard cheese, yoghurt,
ricotta, etc. Despite the differences in terms of production capacity and types of products,
process steps involved in converting raw materials into finished products are quite similar.
In this regard, Table 2 describes the sequence of unit operations required to produce
some dairy products, defined on the basis of knowledge gathered from the analysis of
energy audits. It is worth mentioning that the sequence of process stages for most of
the products investigated has been elaborated by the authors of this paper combining all
types of information available in the energy audits, including process schemes and data
extrapolated by the descriptions of products manufacturing.
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Table 2. Unit operations involved in manufacturing of some dairy products according to the analysis
of energy audits of dairy enterprises.

Unit Operations Butter
(2 *)

Cream
(3 *)

Hard Cheese
(3 *)

Pasteurized Milk
(2 *)

Yoghurt
(3 *)

plant sterilization X X
raw milk receiving X X X

milk powder addition X
filtration X X

cooling and storage X X
pre-heating X X

cream separation/skimming X X X ***
cream aging X

bactofugation X
homogeneization/ 1st homogenization X X ***

standardization X
cream receiving and storage X

heating and skimming X
regeneration X

cooling in storage tank
1st pre-heating
2nd pre-heating

1st pasteurization/ pasteurization X X X X X
sterilization

thermization ** X
storage ** X

thermal treatment ** X
concentration X

cooling/1st cooling X X X X X
whey starter and curd addition X

cooking X
coagulation X

curd breaking and whey separation X
shaping X

moulds turning X
resting (hot chamber) X

transport to cold chamber X
salting X

drying and ripening X
washing and surface treatment X

2nd pasteurization X
steam separation (via degasser) X

2nd homogenization
starter culture inoculation and aging X X

2nd cooling X
churning X

storage in agitated tank X
fruits addition X

handling and packing X X X X X
storage X X X

clean-in-place X X X X X

* number of energy audits analyzed, ** only for processes without pasteurization; *** after pasteurization or
thermal treatment.

As regard to the energy demand, natural gas is by far the most widely used fuel for
the production of steam and hot water for several uses (i.e., product manufacturing, space
heating, hot water production or the direct use in canteen stoves) and thus it is also the main
responsible for the production of waste heat within dairy facilities. In this regard, Figure 4
shows the distribution function of the natural gas consumption of the entire sample of
dairy enterprises. The yearly demand for natural gas is lower than or equal to 2100 kSm3
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for more than 80% of enterprises, while it ranges from 2100 to 4200 kSm3 in only 10% of
the sample.
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Figure 4. Distribution of yearly natural gas consumption of production sites investigated.

Based on annual data on natural gas demand and the production capacity of dairy
companies investigated, the specific consumption of natural gas was also evaluated. In this
regard, Figure 5 shows the trend of natural gas consumption per ton of product as a function
of annual production capacity. To construct this graph, production capacities expressed in
kg/year and in L/year were converted in t/year, while those in pieces/year were neglected.
As shown in Figure 5, the specific consumption of natural gas decreases with the annual
production according to a power law. A sharp decrease from about 300 Sm3/t to 25 Sm3/t is
observed for annual production values up to 50,000 t/year; conversely, when that threshold
is exceeded, the specific consumption undergoes a less significant decrease, stating at a
minimum value of approximately 3 Sm3/t.
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It is noted that the specific consumption of natural gas is also affected by factors other
than the annual production (i.e., the product demand) which were neglected in this study,
since these analyses were performed for the only purpose of sample characterization.

3.1.2. Waste Heat Recovery Interventions in the Italian Dairy Industry

As part of the energy audits, the dairy enterprises under investigation identified
365 potential energy-saving measures, which can be grouped into 15 main categories: air
conditioning systems, chillers, cogeneration/trigeneration systems, compressed air sys-
tems, electric engines, electrical systems, energy management systems, heat generators,
hydraulic pumps, lighting systems, process water treatment systems, production lines,
renewable energy technologies, waste heat recovery, wastewater treatment plants. More
than 100 retrofit interventions concerned the efficiency improvement of the lighting systems
(55) and the compressed air systems (52); other energy-efficiency measures in order of im-
portance included the replacement or refurbishment of heat generators (32), the installation
of renewable energy technologies (32) and the construction or retrofitting of cogeneration
and trigeneration power plants (31). Regarding the recovery and valorization of waste
heat, 30 interventions were identified. As depicted in Figure 6, over two thirds of waste
heat recovery interventions involved the auxiliary systems, namely the compressed air
systems, the cogeneration power plants and the chiller condensing systems. The remaining
interventions concerned the production lines, including the waste heat recovery from the
cooling process of the whey and the milk in the aging tanks, the waste heat recovery from
the sterilization and process steam condensates from the evaporation and concentration of
“scotta” and from the degasser of the UHT milk.
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Figure 6. Number and type of waste heat recovery interventions.

Table 3 summarizes the waste heat “acceptors” according to the type of waste heat
recovery intervention identified by the dairy enterprises investigated. In this regard, it is
pointed out that the reuse of waste heat always occurred within the production facility
itself. In the case of interventions related to the compressed air systems, the heat recovered
was mainly intended for the production of domestic hot water or space heating; further
uses included the heating of water of the air handling unit (AHU), the preheating of water
at the boiler inlet and the preheating of cleaning water of process equipment (clean-in-place
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systems). The latter represented the main use of waste heat recovered from cogeneration
plants, followed by the preheating of boiler make-up water, the production of chilled
water and the whey heating during pasteurization. The heat recovered from the chiller
condenser systems was mainly used for the preheating of water at the boiler inlet, water of
clean-in-place systems and the boiler make-up water.

In the case of interventions related to the production lines, the waste heat was reused
to support the product processing (i.e., for the preheating of skim milk, the reactivation
of raw milk and the preheating of cleaning water) and to preheat water, air and fuel at
the boiler inlet. A further type of intervention was the recovery of condensate from the
sterilizers to support the production of process steam.

As outlined in Table 4, all waste heat recovery interventions envisaged by dairy
enterprises were based on well-established technologies, notably heat exchangers, with
or without a hot storage tank. In the case of waste heat recovery from auxiliary systems,
heat exchangers were implemented in 17 cases out of 21; the remaining interventions
provided for the use of canalizations or chimneys to collect the cooling air of compressors
(intervention on the compressed air system) or the installation of an absorption refrigeration
system (intervention on the cogeneration plant). In the case of waste recovery from the
production lines, heat exchangers were virtually the only technology adopted, except in
the case of steam condensate recovery from sterilizers.

3.2. Validation of the Schematic Diagram of Waste Heat Sources via Comparison with Data from
Energy Audits

The analysis of energy audits allowed to validate and contextualize to the Italian
dairy sector the process scheme for pasteurized milk manufacturing and the corresponding
scheme of low-temperature waste heat sources.

In the case of pasteurized milk production, information was provided by the energy
audits of two different production sites, including:

• the sequence of the production stages, starting from the receipt of raw materials up
to the packing of the final product, including the maintenance of process equipment
(sterilization and clean-in-place);

• the energy vectors used in the different production stages (steam, hot water, chilled
water, etc.);

• the temperatures of raw materials, the intermediate and final products, depending on
data availability.

The analysis of such information revealed that the sequence of process stages in
pasteurized milk manufacturing is actually more complex than that reported in previous
literature studies. Nevertheless, the limited amount of data available did not permit the
further characterization of the waste heat sources in terms of mass flow rate or thermal
power per unit mass of raw milk.

Combining the additional information gathered from the energy audits with the
process scheme (Figure 2) and the scheme of low-temperature waste heat sources (Figure 3)
obtained via the application of the proposed methodology (steps a–d and e–h, respectively),
a new scheme was developed (Table 5). This provides for a more comprehensive and
systematic description of the whole set of process stages involved in pasteurized milk
production and the corresponding waste heat streams generated. As shown in Table 5, the
scheme defines:

• the process stages involved in product manufacturing, with the identification of phases
generating low-temperature waste heat;

• the energy vectors used in each stage, with the indication of temperature levels,
depending on data availability;

• the low-temperature waste heat streams for each process stage, in order from the
highest to the lowest temperature.
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Table 3. Uses of waste heat depending on the type of waste heat recovery intervention.

Waste Heat Uses

Waste Heat Sources
Compressed
Air Systems

Cogeneration
Systems Chillers Sterilization

Condensates
Degasser of
UHT Milk

Evaporator/
Concentrator

of Scotta

Aging
Tanks

Condensates from
the Production of

Gorgonzola
Whey

Milk preheating - - - - 1 - - - 1
Reactivation of raw milk - - - - - - - - 1

Whey heating during
pasteurization - 1 - - - - - - -

Condensate recovery - - - 1 - - - 1 -
Preheating of water for clean-in-place 1 3 2 - - - 1 - 1
Domestic hot water production/Space

heating 7 - - - - - - - -

Heating of water of air handling unit
(AHU) 1 - - - - - - - -

Preheating of water at the boiler inlet 1 - 2 - 1 - - - -
Air and fuel preheating - - - - - 1 - - -

Preheating of boiler make-up water - 1 1 - - - - - -
Production of chilled

water at 0 ◦C - 1 - - - - - - -

Table 4. Waste heat recovery technologies depending on the type of waste heat recovery intervention.

Waste Heat Recovery Technologies

Waste Heat Sources
Compressed
Air Systems

Cogeneration
Systems Chillers Sterilization

Condensates
Degasser of
UHT Milk

Evaporator/
Concentrator

of Scotta

Aging
Tanks

Condensates from
the Production of

Gorgonzola
Whey

Heat exchanger 6 4 5 - 2 1 1 1 2
Air canalizations 1 - - - - - - - -
Chimney with damper 2 - - - - - - - -
Heat exchanger combined with a hot water
storage 1 1 - - - - - - 1

Absorption chiller - 1 - - - - - - -
Condensate recovery system - - - 1 - - - - -
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Table 5. Scheme of pasteurized milk manufacturing process and low-temperature waste heat sources after validation and contextualization via the analysis of
energy audits.

Stage Tp (◦C) Energy Vector Waste Heat Sources

plant sterilization - steam (T = 125 ◦C) steam
condensate

raw milk receiving 4–6 -

filtration n/a -

cooling and storage 5 chilled water chiller cooling
medium

pre-heating 30 hot water or
pasteurized milk

steam
condensate * hot water **

cream separation n/a -

homogeneization n/a -

standardization n/a -

pasteurization 75–78 hot water steam
condensate * hot water ** pasteurized

milk
pasteurizer
overflow

cooling in storage
tank 3–4 chilled water chiller cooling

medium

cooling 2 chilled water chiller cooling
medium

handling and
packing n/a compressed air compressor

cooling medium

clean-in-place - hot water (T = 95 ◦C) steam
condensate * clean-up water

* only if hot water is obtained via a steam/water heat exchanger; ** without a closed loop water circuit.
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Specifically, process stages involving the generation of waste heat were divided into
two main categories, namely stages with “direct waste heat generation” and stages with
“indirect waste heat generation”. The formers (highlighted in orange color) allow for the
production of low-temperature waste heat by means of an energy vector or through the
intermediate or the final products obtained. By way of example, the pasteurization stage
is responsible for the generation of four waste heat streams, at different pressure and
temperature conditions, namely:

• the condensates from the steam used to heat the water for milk pasteurization;
• the hot water exiting the pasteurizer (only without a closed loop circuit);
• the pasteurized milk;
• the pasteurizer overflow.

Process stages with “indirect waste heat generation” (highlighted in light blue color)
are responsible for the release of waste heat because of the auxiliary systems supporting the
production process; in the case of the pasteurized milk processing, phases with “indirect
waste heat generation” include those requiring chilled water at different temperature
levels (storage, cooling after pasteurization) or compressed air (handling, packing, etc.).
Indeed, the chilled water production is responsible for the release of waste heat at the
chiller condenser, while the compressed air production causes the generation of waste
heat that must be removed to ensure proper compressor operating conditions, as well as a
compressed air temperature suitable for plant use.

Overall, seven different waste heat streams were identified, including (in order of
decreasing temperature) the steam condensate, the compressor cooling medium, the hot
water exiting the pasteurizer, the pasteurized milk, the pasteurizer overflow, the clean-
up water and the chiller cooling medium. Finally, waste heat acceptors were identified
based on the information from literature review and the analysis of waste heat recovery
interventions envisaged by dairy enterprises in the context of energy audits (Section 3.1.2).
In this regard, Table 6, besides providing a thermodynamic characterization of waste heat
streams based on data available in literature, allows to relate waste heat streams to potential
technologies for waste heat recovery and possible waste heat acceptors, identified within
the process itself, the auxiliary systems and systems for other uses, including space heating,
domestic hot water production, etc.

The methodology proposed in this study was also applied to dairy products other than
pasteurized milk. Thus, based on data from literature and the information gathered from
the analysis of energy audits of dairy enterprises, two different schemes were identified for
UHT milk, pasteurized cream, butter, hard cheese and yogurt:

• a scheme of product manufacturing process and low-temperature waste heat sources;
• a scheme providing the thermodynamic characterization of waste heat streams and the

identification of possible waste heat recovery technologies and waste heat acceptors.

Please refer to Appendix A of this paper for details.
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Table 6. Scheme providing the characterization of waste heat sources from raw milk pasteurization and the identification of possible heat sinks.

Waste Heat Sources Steam
Condensate

Compressor
Cooling
Medium

Hot Water Pasteurized Milk Pasteurizer Overflow Clean-Up Water Chiller Cooling
Medium

Temperature (◦C)
123 [68],
100 [69],

140–150 [64]
80–95 [70] 62–73

(this study) 72 [64] 70 [48],
71.1 [71]

68–70 [64]
65 [48],

65.6 [71]

50–60 (high-grade heat),
20–30 (low-grade heat)

[65]

Flow rate
(L/t of raw milk)

14.7 [68],
26.5 [69],
37.3 [72],

33–42 [48],
30.3–37.8 [71]

N/A N/A N/A 12.5–17 [48]
11.4–15.1 [71]

163.3 [72],
210–250 [48]

189.3–227.1 [71]
N/A

Heat recovery
technology

Condensate
recovery
system

Heat exchanger/
air canalization

Heat
exchanger

Heat
exchanger

Heat
exchanger

Heat
exchanger

Desuperheater/
heat exchanger

Heat recovery
opportunities

Boiler feedwater
pre-heating X [73] X (this study) X [71] X [71] X [65]

Boiler make-up
water pre-heating X [70] X [65]

Clean-up water
pre-heating X (this study) X [74] X [75] X [65,66]

Direct use of steam
condensate for
clean-in-place

X [73]

Domestic hot water
production X (this study), [70] X [66]

Flash steam production X [73]
Hot water production
for air handling unit X (this study)

Process hot water
production X [74]

Raw milk
preheating X (this study), [76]

Space heating X (this study), [70] X [65,66]
Water source heat-pump

for space heating X [75] X [66]
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The identification and characterization of waste heat sources represents the preliminary
fundamental step in the design of waste heat recovery systems. As an example, the case of
an Italian dairy industry, which applied the proposed methodology to completely map the
waste heat recovery sources related to the yogurt manufacturing, is here presented. Among
the waste heat recovery sources identified within the process investigated, the attention
was focused on two main streams: the milk coming out from the aging tank (Case 1) and
the cooling medium of the compressed air system (Case 2). Thus, two waste heat recovery
projects were envisaged: in Case 1, waste heat recovered via a heat exchanger was reused
for heating the water intended for the clean-in-place (CIP) of process equipment; in Case
2, the waste heat recovered via a heat exchanger was collected in a storage tank and then
supplied to the CIP system and the air handling unit (AHU). Characteristics of waste heat
recovery sources and sinks, as well as the energy and economic performances of waste heat
recovery interventions, were summarized in Table 7. All data reported in this section have
been anonymized and also multiplied by a random factor due to their confidential nature.

Table 7. Energy and economic performances of two waste heat recovery projects envisaged by an
Italian dairy industry that applied the methodology here proposed to map the availability of waste
heat sources within its facility.

Case 1 Case 2

Waste heat source Milk coming out
of the aging tank

Cooling medium of
compressed air system

TWHS,in (◦C) 90 90
TWHS,out (◦C) 40 27

Waste heat recovery
technology Heat exchanger Heat exchanger combined

with a storage tank
Waste heat recovered * (%) ≈60 ≈80

Waste heat sink Cleaning water Cleaning water/ water of air
handling unit (AHU)

Natural gas saving
(Sm3/year) 60,300 23,517

Investment cost ** (€) 17,085 25,125
Pay-back time ** (years) 1.11 3.92

* assuming a heat exchanger efficiency of 95%; ** results were slightly altered using a multiplication factor to
ensure data confidentiality.

4. Conclusions

The paper describes an innovative methodology for the systematic mapping of low-
temperature waste heat sources and their potential acceptors in industrial manufacturing
processes. The proposed approach is based on a careful analysis and elaboration of data
available in technical literature. Such information is enriched and validated using data from
real industrial facilities, gathered from the energy audits received by ENEA in compliance
with the Legislative Decree 102/2014. The methodology is divided into four main steps:
preliminary definition of a typical production process, identification of process phases
with low-temperature waste-heat generation, assessment of waste heat sources and po-
tential sinks at phase-level and, lastly, validation, enrichment and contextualization of the
outcomes of the methodology via the analysis of the energy audits.

The schemes generated via the application of proposed methodology will contribute
to filling the existing knowledge gap on low-temperature waste heat sources in industrial
processes, thus promoting the application of waste heat recovery projects. Specifically,
the schemes will facilitate to locate and characterize sources of low-temperature waste
heat in industrial facilities, and to define solutions for their internal or external reuse and
valorization. The schemes will also support academics and legislators in evaluating the
waste heat recovery potential in specific industrial sectors, assessing the penetration rate of
certain technologies and designing incentive programs for accelerating the implementation
of innovative waste heat recovery solutions.
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The methodology has been applied to the Italian dairy sector, because of its enormous
potential for the utilization of low-temperature waste heat sources, and the resulting
schemes referred to the manufacturing of the main dairy products (pasteurized milk, UHT
milk, cream, butter, hard cheese and yogurt) have been produced and presented. Focusing
on the case of pasteurized milk, the comparison between literature and energy audit data
confirmed that main sources of waste heat are located within the pasteurization stage
(steam condensate, hot water at pasteurizer exit, pasteurized milk, pasteurizer overflow).
Additional sources of waste heat are related to the auxiliary systems. Namely, they are
the cooling mediums of compressed air and chilled water systems, which are required to
ensure the optimal operating conditions of such devices.

The analysis of energy audits, besides providing additional information on types and
characteristics of low-temperature waste heat sources, highlighted that dairy manufacturers
are mainly interested in implementing solutions to recover waste heat within the industrial
facility itself. Specifically, waste heat is recovered within the auxiliary systems (intended for
steam, compressed air and cold water production), with the aim to improve their efficiency
or to support space heating or the production of hot water for equipment cleaning or
domestic purposes. Heat exchangers, with or without storage systems, are by far the most
common technology to capture and deliver waste heat as useful energy where it is needed.
On the other side, the use of technologies to convert the waste heat into electricity still
remains unexplored.

The study highlighted that the comparison with data from industrial companies is
essential for improving the accuracy, the usability and the applicability of schemes of
low-temperature waste heat sources and sinks.

Although those schemes were obtained on the basis of data gathered from Italian
enterprises, they can be regarded as a starting point for the investigation of dairy industry
in other countries. Furthermore, the methodology can be applied to any industrial sector,
provided that data of sufficient quantity and/or quality from industrial companies are
available.

The methodology proposed in this study is part of a wider project aimed at developing
a decision support tool, which will allow industrial companies to preliminary identify
low-temperature waste heat recovery opportunities and compare their performances from
the energy, environmental and economic perspectives. The software tool will be supported
by data regarding conversion efficiency, energy savings and costs of waste heat recovery
interventions gathered from the analysis of literature and energy audits. Within this project,
the schemes of low-temperature waste heat sources and sinks will be further validated via
a direct interaction with industrial companies. This will provide the opportunity to collect
data from smaller enterprises, thus broadening the scope of the schemes of low-temperature
waste heat sources and sinks derived from the application of this methodology.

Future research directions will include:

• the modelization of waste heat sources fluctuation and intermittency in both mass
or volume flow rate and temperature; such aspect has been rarely investigated in
the technical literature, even though it is expected to affect to a certain extent the
techno-economic performances of waste heat recovery technologies, depending on the
frequency of parameters variations;

• the development of tools for the real-time optimization of waste heat recovery system
performances;

• the full integration of the schemes of waste heat sources within the decision support
tool under development, with aim to assist the user in the identification and char-
acterization of available waste heat sources varying the type of industrial process
investigated;

• the use of these schemes to support the knowledge dissemination and the networking
among companies, with the aim to overcome technological barriers to the implemen-
tation of waste heat recovery systems.
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Appendix A

The appendix contains the schemes of product manufacturing process and the corre-
sponding low-temperature waste heat sources and the schemes providing the characteriza-
tion of low-temperature waste heat sources and the possible waste heat sinks related to
dairy products other than pasteurized milk, such as UHT milk, cream, butter, hard cheese
and yogurt production.

Table A1. Scheme of UHT milk manufacturing process and corresponding low-temperature waste
heat sources.

Stage Tp (◦C) Energy Vector Waste Heat Sources

raw milk receiving 10 -
storage 10 -

pre-heating 50 hot water or
UHT milk

steam
condensate * hot water **

separation n/a -
homogenization n/a -
standardization n/a -

cooling in storage
tank 4–5 chilled water chiller cooling

medium

1st pre-heating 27 hot water or
UHT milk

2nd pre-heating 35 steam
condensate

pasteurization 85 steam
(T = 100 ◦C)

steam
condensate

sterilization n/a steam
(T = 150 ◦C)

steam separation
(via degasser) 90 - steam

condensate
sterilized

milk

homogenization n/a -

cooling 26 chilled water chiller cooling
medium

storage 26 -

handling and
packing n/a compressed air compressor

cooling medium

clean-in-place - hot water
(T = 95 ◦C)

steam
condensate *

clean-up
water

* only if hot water is obtained via a steam/water heat exchanger; ** without a closed loop water circuit.
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Table A2. Scheme providing the characterization of waste heat sources from UHT milk production and the identification of possible heat sinks.

Waste Heat Sources Steam
Condensate

Sterilized
Milk

Compressor
Cooling Medium

Hot
Water

Clean-Up
Water

Chiller Cooling
Medium

Temperature (◦C) 100–150
(this study) 90 (this study) 80–95 [70] 62–73

(this study) - 50–60 (high-grade heat),
20–30 (low-grade heat) [65]

Heat recovery technology
Condensate

recovery
system

Heat
exchanger

Heat exchanger/
air canalization

Heat
exchanger

Heat
exchanger

Desuperheater/
heat exchanger

Heat recovery opportunities

Boiler feedwater pre-heating X (this study), [73] X (this study) X [71] X [65]
Boiler make-up water pre-heating X [70] X [65]

Clean-up water pre-heating X (this study) X [74] X [75] X [65,66]
Direct use of steam condensate for

clean-in-place X [73]

Domestic hot water production X (this study), [70] X [66]
Flash steam production X [73]
Hot water production
for air handling unit X (this study)

Process hot water production X [74]
Raw milk preheating X (this study)

Space heating X (this study), [70] X [65,66]
Water source heat-pump

for space heating X [75] X [66]
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Table A3. Scheme of pasteurized cream manufacturing process and corresponding low-temperature waste heat sources.

Stage Tp (◦C) Energy Vector Waste Heat Sources

plant sterilization -
steam (T = 125 ◦C)

or hot water
(T = 84 ◦C)

steam
condensate * hot water

aging 50 -

pasteurization 80–98 hot water steam
condensate * hot water ** pasteurized cream

cooling 2–5 chilled water chiller cooling
medium

storage in agitated
tank 5 chilled water chiller cooling

medium

handling and
packing n/a compressed air

compressor
cooling
medium

clean-in-place - hot water
(T = 95 ◦C)

steam
condensate * clean-up water

* only if hot water is obtained via a steam/water heat exchanger; ** without a closed loop water circuit.
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Table A4. Scheme providing the characterization of waste heat sources from pasteurized cream production and the identification of possible heat sinks.

Waste Heat Sources Steam
Condensate

Compressor Cooling
Medium Hot Water Pasteurized

Cream
Clean-Up

Water Chiller Cooling Medium

Temperature (◦C)
123 [68],
100 [69],

140–150 [64]
80–95 [70] 62–73

(this study)
80–98

(this study)

68–70 [64],
65 [48],

65.6 [71]

50–60 (high-grade heat),
20–30

(low-grade heat) [65]

Heat recovery technology Condensate recovery
system

Heat
exchanger/

air canalization

Heat
exchanger

Heat
exchanger

Heat
exchanger

Desuperheater/
heat exchanger

Heat recovery opportunities

Boiler feedwater pre-heating X [73] X (this study) X [71] X [65]
Boiler make-up water pre-heating X [70] X [65]

Clean-up water pre-heating X (this study) X [74] X [75] X [65,66]
Direct use of steam condensate

for clean-in-place X [73]

Domestic hot water production X (this study), [70] X [66]
Flash steam production X [73]
Hot water production
for air handling unit X (this study)

Process hot water production X [74]
Raw cream preheating X (this study)

Space heating X (this study), [70] X [65,66]
Water source heat-pump

for space heating X [75] X [66]
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Table A5. Scheme of butter manufacturing process and corresponding low-temperature waste heat sources.

Stage Tp (◦C) Energy Vector Waste Heat Sources

cream receiving and storage 12 -

heating and skimming 40 hot water hot water

storage 30 -

regeneration 80 steam steam
condensate

1st pasteurization 80–85 steam steam
condensate

cooling 6–8 chilled water
chiller

cooling
medium

2nd pasteurization 90–100 steam

steam separation
(via degasser) n/a - steam

condensate

starter culture inoculation
and aging/crystallization 9 chilled water

chiller
cooling
medium

churning n/a chilled water
chiller

cooling
medium

handling and packing n/a compressed air compressor cooling
medium

storage 4 chilled water
chiller

cooling
medium

clean-in-place - hot water steam
condensate * clean-upwater

* only if hot water is obtained via a steam/water heat exchanger.
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Table A6. Scheme providing the characterization of waste heat sources from butter production and the identification of possible heat sinks.

Waste Heat Sources Steam
Condensate

Compressor
Cooling
Medium

Hot Water Clean-Up
Water

Chiller
Cooling
Medium

Temperature (◦C)
123 [68],
100 [69],

140–150 [64]
80–95 [70] 62–73

(this study)

68–70 [64],
65 [48],

65.6 [71]

50–60 (high-grade heat),
20–30 (low-grade heat) [65]

Heat recovery technology
Condensate

recovery
system

Heat exchanger/
air canalization

Heat
exchanger

Heat
exchanger

Desuperheater/
heat exchanger

Heat recovery opportunities

Boiler feedwater pre-heating X [73] X (this study) X [71] X [65]
Boiler make-up water pre-heating X [70] X [65]

Clean-up water pre-heating X (this study) X [74] X [75] X [65,66]
Direct use of steam condensate for

clean-in-place X [73]

Domestic hot water production X (this study), [70] X [66]
Flash steam production X [73]
Hot water production
for air handling unit X (this study)

Process hot water production X [74]
Space heating X (this study), [70] X [65,66]

Water source heat-pump
for space heating X [75] X [66]
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Table A7. Scheme of hard cheese manufacturing process and corresponding low-temperature waste heat sources.

Stage Tp (◦C) Energy Vector Waste Heat Sources

raw milk receiving 4 -
filtration n/a -

cooling and
storage n/a chilled water chiller cooling

medium

pre-heating 50–55 hot water steam
condensate *

hot
water **

skimming n/a -
bactofugation n/a -

thermal treatment/
pasteurization 55–72 hot water steam

condensate *
hot

water ** pasteurized milk pasteurizer
overflow

cooling and
storage 10–15 chilled water chiller cooling

medium

whey starter and
curd addition

(in cheese kettle)
n/a -

cooking 20–55 steam steam
condensate

coagulation n/a -

curd breaking andwhey
separation n/a - whey

shaping n/a -
moulds turning n/a -

resting
(hot chamber) 38 steam steam

condensate

transfer to cold chamber n/a -

salting 10 chilled water chiller cooling
medium

drying and
ripening n/a steam steam

condensate

washing and
surface treatment n/a -

handling and
packing n/a compressed air

compressor
cooling
medium

storage n/a -

clean-in-place - hot water steam
condensate * clean-up water

* only if hot water is obtained via a steam/water heat exchanger; ** without a closed loop water circuit.
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Table A8. Scheme providing the characterization of waste heat sources from hard cheese production and the identification of possible heat sinks.

Waste Heat Sources Steam
Condensate

Compressor Cooling
Medium Hot Water Pasteurized Milk Pasteurizer

Overflow Clean-Up Water Whey
Chiller
Cooling
Medium

Temperature (◦C)
123 [68],
100 [69],

140–150 [64]
80–95 [70] 62–73

(this study) 72 [64] 70 [48],
71.1 [71] 60 [48,71] 38 [48,71]

50–60 (high-grade heat),
20–30

(low-grade heat) [65]
Flow rate

(l/t of raw milk)
150 [48],

136.3 [71] N/A N/A N/A 13 [48]
12.1 [71]

250–545 [48]
227.1–492.1 [71]

993 [48],
900 [71] N/A

Heat recovery technology Condensaterecovery
system

Heat
exchanger/

air canalization

Heat
exchanger

Heat
exchanger

Heat
exchanger/
direct use

Heat
exchanger

Heat
exchanger

Desuperheater/heat
exchanger

Heat recovery opportunities

Boiler feedwater pre-heating X [73] X (this study) X [71] X [71] X [71] X [65]
Boiler make-up water

pre-heating X [70] X [65]

Clean-up water pre-heating X (this study) X [74] X [75] X [65,66]
Direct use of steam

condensate for clean-in-place X [73]

Domestic hot water
production X (this study), [70] X [66]

Flash steam production X [73]
Hot water production for

air handling unit X (this study)

Process hot water production X [74]
Raw milk preheating X (this study), [76]

Space heating X (this study), [70] X [65,66]
Water source heat-pump

for space heating X [75] X [66]
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Table A9. Scheme of yoghurt manufacturing process and corresponding low-temperature waste heat sources.

Stage Tp (◦C) Energy
Vector Waste Heat Sources

raw milk
receiving n/a -

storage 4–6 chilled water chiller cooling
medium

milk powder
addition 4–6 -

pasteurization 90 hot water Steam
condensate *

hot
water **

pasteurized
milk

pasteurizer
overflow

thermization *** 50 hot water steam
condensate *

hot
water **

storage *** n/a -
thermal

treatment *** 93 hot water steam
condensate *

hot
water **

pasteurized
milk

pasteurizer
overflow

skimming n/a -
homogenization n/a -

concentration 85 steam steam
condensate

whey
concentrate

1st cooling 30-41 chilled
water

chiller cooling
medium

starter
culture

inoculation
n/a -

aging 30–38 -

2nd cooling 27–30 chilled
water

chiller cooling
medium

fruits addition n/a -

handling and
packing n/a compressed

air

compressor
cooling
medium

storage 5 chilled
water

chiller cooling
medium

clean-in-place - hot water steam
condensate * clean-up water

* only if hot water is obtained via a steam/water heat exchanger; ** without a closed loop water circuit; *** only for processes w/o pasteurization.
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Table A10. Scheme providing the characterization of waste heat sources from yoghurt production and the identification of possible heat sinks.

Waste Heat Sources Steam
Condensate

Compressor
Cooling
Medium

Hot Water Pasteurized Milk Pasteurizer
Overflow

Whey
Concentrate Clean-Up Water

Chiller
Cooling
Medium

Temperature (◦C)
123 [68],
100 [69],

140–150 [64]
80–95 [70] 62–73

(this study) 72 [64] 70 [48],
71.1 [71] 55–68 [77]

68–70 [64],
65 [48],

65.6 [71]

50–60 (high-grade
heat), 20–30

(low-grade heat) [65]

Heat recovery
technology

Condensate recovery
system

Heat
exchanger/air
canalization

Heat
exchanger

Heat
exchanger

Heat
exchanger

Heat
exchanger network

Heat
exchanger

Desuperheater/
heat

exchanger

Heat recovery
opportunities

Boiler feedwater
pre-heating X [73] X (this study) X [71] X [71] X [65]

Boiler make-up water
pre-heating X [70] X [65]

Clean-up water
pre-heating X (this study) X [74] X [75] X [65,66]

Direct use of steam
condensate

for clean-in-place
X [73]

Domestic hot water
production X (this study), [70] X [66]

Flash steam production X [73]
Hot water production for air

handling unit X (this study)

Process hot water
production X [74]

Raw milk preheating X (this study),
[76]

Space heating X (this study), [70] X [65,66]
Standardized milk

pre-heating X [77]

Water source heat-pump for space
heating X [75] X [66]
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