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HIGHLIGHTS

e A novel taxonomy for the monitorization of energy use in the food industry.
e Energy end use and CO, emissions analysis based on the suggested taxonomy.
o Potential energy performance indicators are suggested for the food industry.
o A novel energy planning framework in an industrial context is suggested.
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Energy efficiency improvements can enhance industry’s decarbonization. A major challenge however is that the
energy efficiency potential often remains untapped, due, among other things, to the lack of information on
energy end-use and available energy efficiency measures. Further, this lack of information also makes the
deployment of energy efficiency difficult to monitor and evaluate. The creation of a standard or taxonomy on
how to categorize energy end-use for major industries would help to close this knowledge gap. This paper
presents a novel taxonomy for energy end-use in the food industry, with four hierarchical levels. Further, results
show that the production process utilizes two-thirds of the total energy used in the food industry and only one-
third is used for support processes. Another result is that heat processing and space heating are the most intensive
unit processes in terms of energy and carbon dioxide emissions for production and support processes, respec-
tively. The paper also presents an array of energy performance indicators for the identified energy-intensive
processes. The case study was carried out in the Swedish food industry. However, taxonomy and energy per-
formance indicators can be generalized internationally. In addition to the above results, this research presents a
novel concept of the energy planning framework, which helps with simple and effective planning of energy
improvement activities in an industrial context. The energy planning framework can help in benchmarking,
setting targets, and monitoring energy performance in the industry.

EE, a move that will also help them to reduce the environmental impact
associated with Energy End-Use (EEU). However, as reported by the

1. Introduction

A 60% increase in food demand is expected by 2050, as the global
population continues to grow, and an increase in the energy demand
from the food industry is also expected [1]. In 2018, industrial energy
use accounted for 38% of Sweden’s total energy use [2], of which the
food industry accounted for 3.5% [2]. The European Union (EU) has set
an ambitious target of 32.5% Energy Efficiency (EE) improvements by
2030 [3] and Sweden aims to achieve net-zero CO5 emissions by 2045
[4]. In response, industries have started paying significant attention to
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International Energy Agency (IEA), the year 2018 saw the lowest rate of
EE improvement since 2010, highlighting the need to gear up technical
efficiency to meet the climate mitigation targets [5].

For energy planning and implementation of energy efficiency mea-
sures (EEMs), comprehensive knowledge of energy use at the process
level is of utmost importance [6]. EEU categorization according to a
standardized taxonomy would be an effective way to improve the EE
potential [7]. Such a taxonomy would enable industries to learn how
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energy is used in operations with more harmonized EEU data [8]. In
addition to the EEU data, there should be indicators for measuring and
monitoring energy performance. ISO 50006 defines these indicators as
energy performance indicators (EnPIs) [9]. EnPIs help organizations to
understand the deployment levels of the potential and target levels for
improvement [6]. With the lack of general EEU categorization and
performance indicators in the industry, EE improvements and CO; re-
ductions are likely to never reach their full potential. Further, moni-
toring and evaluation would be greatly facilitated by a harmonized way
of categorizing energy end-use. In a study of industrial small and
medium-sized enterprises (SMEs) emanating from various countries, it
was found that there was no harmonized way of categorizing energy
end-use data, which in turn made a comparison between different in-
ternational datasets very difficult [10].

Technical efficiency should be combined with effective energy
management practices to extend the EE potential [11]. For most of the
non-energy-intensive industries and industrial SMEs in particular, the
energy management practices are underdeveloped [12], often due to a
lack of energy planning and a lack of a strategic approach to the issue
[13]. The objective of energy management is to establish the systems
and processes needed to improve energy performance in an organization
[14]. As per ISO 50001, energy planning should lead to activities that
continuously improve energy performance consistent with the energy
policy [14]. It can be understood that energy planning is one of the
crucial pillars of effective energy management. ISO 50001 provides a
conceptual diagram for energy planning [14], but it does not provide
comprehensive guidelines for industries to tap their EE potential. Such
guidelines need to be deployed, taking the particular industry and
company’s needs into account.

Several studies have developed taxonomies for industry-wise cate-
gorization of energy use, for example in the wood industry [15] and the
engineering industry [16]. The food industry is very diverse in terms of
the variety of products produced within the industry and involves
different categories of production processes. The industry includes het-
erogeneous operations related to meat and fish processing, fruit and
vegetable preservation, beverages, dairies, bakeries, and processing of
oils and fats, etc. [17]. Several studies have categorized energy use
within the food industry, but each of them follows different concepts.
For example, Seck et al. [18] used 11 energy vectors, whereas Leduc
et al. [19] classify processes into four major processes with some sub-
processes. This disparity shows the difficulty in comparing the EEU re-
sults of different studies in the same sector. The need for a reference
energy system that is generic for every sector is also mentioned in the
above studies.

For this study, there are four main aims: the primary aim of this
paper is to present a taxonomy to facilitate EEU categorization of the
processes in the food industry into a process tree with hierarchical
levels. The second aim is to identify the energy-intensive processes and
related CO, emissions in the sector. The third aim is to identify suitable
EnPIs for the intensive production processes. The study is carried out as
multiple case studies of Swedish food manufacturers. The final aim is to
develop a conceptual Energy Planning Framework (EPF) that can form
the basis for energy management for all industries.

To the authors’ knowledge, the attempt to develop a hierarchical
taxonomy for energy use generic to the food processing industry is novel
in nature. This will help in increasing the knowledge on the energy end-
use in the processes and will enhance credible comparison by bringing
them into the same platform. This taxonomy is supported by a case study
to demonstrate how this taxonomy can be useful in comparing processes
in terms of energy use and CO; emissions, but the scope of the case study
is limited to the Swedish food processing industry. In addition to the
above, developing a novel EPF will help industries with fair bench-
marking and monitoring of energy improvement activities. Along with
the proposed taxonomy and EnPIs, the proposed EPF will help to over-
come barriers such as lack of knowledge and information and enhance
energy management practices in industries. The outcome of this
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Table 1
Various aggregation levels of taxonomy defined by Kanchiralla et al. and their
definitions [16].

Levels Definition

Level 1: This level characterizes the supply side of the energy flow.
Energy carriers

Level 2: This level characterizes the role of energy in value addition.

Major processes  The production process refers to the processes which are
directly needed to produce a product and the support process
refers to processes that support production processes.

This level refers to unit processes that are classified based on
the purpose of energy flow to a process, which is the effect that

the process delivers.

Level 3:
Unit processes

Level 4: This level characterizes the energy end-use of different
Sub-unit technologies or methods used for the unit process.
processes

Level 5: This level characterizes individual machinery that uses energy
Equipment/tool for its operation. Different sub-unit processes can be carried out

using different types of machinery.

publication is relevant for the decision-makers in the food industry,
guiding them towards EE improvements, as well as for trade associations
and public authorities that wish to categorize data from multiple com-
panies in order to monitor and evaluate EEU progress.

2. Research background
2.1. Taxonomical classification of EEU

One of the first attempts to classify energy use is suggested by
Soderstrom, with processes classified based on the unit process concept
[6]. Soderstrom developed a generic taxonomy by classifying processes
into two main categories, production and support processes, and further
down to unit processes for each category [6]. This method has been used
in many studies, for example for the methodology of energy auditing
[20], to study EEU of SMEs in different countries [10], to explain a
bottom-up approach [21], study of EE implementation for wood, food,
and metal SMEs, etc. [8]. However, this classification is general and
could not allocate some of the production processes specific only to some
industrial sectors [16]. Also, it lacks hierarchical classification that fa-
cilitates information retrieval and benchmarking between the
manufacturing systems [16].

Some recent studies have adapted this classification to the specific
industrial sector to enhance the feasibility of implementation. One of
them is the paper by Johnsson et al. on the wood industry, which is
based on supply chain flow [15]. Another concept based on the level of
disaggregation is mentioned by Seck et al. [18]. A similar concept is used
by Kanchiralla et al. [16] for the engineering industry, with this study
defining five disaggregation levels based on several attributes as shown
in Table 1. With the increase in the disaggregation levels, the level of the
analysis precision of the energy system increases, but the quantity of
data needed also increases [18].

Several studies have classified the energy use of the food industry,
but each applies different concepts. Drescher et al. classified EEU in the
food industry into direct use (process use and non-process use), indirect
use (fuels for boilers), and unallocated EEU (by-products of energy
sources) [22]. Process use involves process heating, process cooling and
refrigeration, machine operation, electrochemical processes, and others
[22]. Non-process use involves facility support, facility heating, lighting,
ventilation, refrigeration, outside transportation, and conventional
electricity generation [22]. A study of the agro-food chain stated that at
any stage of the food chain, energy use may comprise direct use by a
specific production process, plus indirect use [23]. In a report by the U.S.
Environmental Protection Agency, the energy use in the processes is
classified as manufacturing processes, processes to maintain food safety,
and facility functions [24]. The manufacturing processes gather inten-
sive processes such as process heating and cooling [24]. Processes to
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Table 2
Research gap between literature studies and industrial needs described by May
et al. which makes implementation of performance indicators challenging [35].

Research Description

gap

Gap 1 Only a few of the indicators of the state of the art are suitable for
energy management applications within a manufacturing facility

Gap 2 The difficulty of benchmarking EE between manufacturing plants,
which is sometimes inapplicable

Gap 3 Limits in technological monitoring, such as the absence of reporting
information about how energy is used within the processes in the
manufacturing facility

Gap 4 The lack of guidelines on EnPI selection

Gap 5 The lack of development of supporting tools to be used by energy

management during EnPI development

maintain food safety are motor-driven systems, while facility functions
cover lighting, ventilation, and heat [24]. A study by Kaminski and
Leduc categorized the processes within the European food industry into
four main categories: process heating (boiling, drying, pasteurization,
evaporation), process cooling and refrigeration, processing machinery
(fans, pumps, ventilation, mixing, compressed air), and non-process
operation (building heating and lighting) [19].

Ladha-Sabur et al. studied the energy use of different food products
to differentiate energy-intensive products from non-intensive ones [1].
Malagié et al. classified the production processes of the food industry
into material processing, storage requirements, processing techniques,
preserving techniques, and packaging of finished products [17]. The
Best Available Techniques (BAT) document recommends categorization
of the food processes into reception and storage of raw materials, size
reduction of raw material, processing of materials, product storage &
dispatch, and cleaning activities [25]. In addition to the generic study, it
may be noted that there are studies on the energy flows of a specific type
of food industry, such as the fruit and vegetable industry [26], the potato
crisp manufacturing industry [27], and the meat industry [28]. The
difference in these concepts shows the difficulty in a credible compari-
son of energy use in the sector.

2.2. Energy performance indicators

ISO 50006 defines an EnPI as a “quantitative value or measure of
energy performance defined by the organization”. Since the EnPI is a
gauge, it is very important to define the boundary of EnPIs [29]. Per-
formance measurements are essential for energy planning, monitoring,
and control [6]. A study by Sommarin et al. stated that the EnPI
boundary is categorized into overall figures, production-process-
specific, and support-process-specific [21]. ISO 50006 specified that
the levels of EnPIs are categorized into the organizational, system, and
process levels [9]. The same boundary levels are adopted in the study by
Andersson and Thollander on the Swedish pulp and paper industry [30]
and Kanchiralla et al. on the Swedish engineering industry [16]. The
organizational EnPIs target overall energy use that can fit any industrial
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organization [16]. The system-level EnPIs include EnPIs used for
monitoring and controlling energy use for any industrial system [16].
Several studies have come up with EnPIs for organizational level and
system level like Schmidt et al. [31] propose EnPlIs for factory level to
the process level, LJ Energy Pte Ltd [32] proposes EnPIs for organiza-
tional level and system level for food manufacturing plants are pro-
posed. Kanchiralla et al. propose several EnPIs for organizational level,
system level, and process levels [16].

The organizational level, system level, and support process levels are
generalizable for all industrial sectors, whereas the production processes
vary widely between industrial sectors [16]. Since the production pro-
cesses are industry specific, EnPIs should be developed specifically for
production processes in the food industry. The process level can be used
for evaluating energy performance in separate processes [16], and it can
also be used for aggregated levels [33]. The study by Kanneganti et al.
covered three types of EnPls, namely: plant, production line, and process
[34]. A recent study by Beisheim et al. [33] proposes a method that
utilizes local EnPIs and an Energy Baseline (EnB) from the process level
to the evaluation of a company or site. A deviation of the performance at
the site level can be allocated to single processes and their EnPIs to drive
the root-cause analysis, since this is the purpose of EnPlIs.

May et al. illustrated that some research gaps still exist on how EnPIs
are studied and addressed in the literature and what the actual industrial
needs are [35]. There are five gaps between literature and industrial
needs addressed in the paper, as shown in Table 2.

2.3. Energy planning

Energy planning is an aspect of energy management aimed at
establishing energy targets, functional areas, and forming an action plan
[36]. Energy planning covers activities such as energy reviews, identi-
fication of energy objectives, EnPIs, EnB, and action plans [14]. ISO has
various requirements concerning inputs for the energy planning step;
these are very unspecific and involve a large number of concepts that
require more details to assess energy performance [33]. The conceptual
diagram for the energy planning process provided by ISO 50001 is
shown in Fig. 1 [14]. The figure shows the three steps, inputs for this
process, and outputs from the energy planning [14].

The study by Schulze et al. developed a conceptual framework for en-
ergy management that aims to build a comprehensive approach for effec-
tively tapping the EE potential [36]. This framework defines energy
planning as a means of developing energy policy, an energy strategy/
target, an action plan, and risk management [36]. A study by Lee et al.
provided an energy management plan that is perceived as a process of
measuring energy performance, performing energy audits, analyzing the
audits, improving efficiency, controlling, and looking for saving opportu-
nities [37]. Binasova et al. modified the energy planning mentioned in ISO
50001 to what they call “the advanced approach of energy-efficient
manufacturing” [38]. The study added more inputs and outputs to the
energy planning and added a fourth step to the main steps, which is
identifying advanced technology for improving EE [38]. Prashar adopted

-
>z 1. 2. 3.

g,g Analyze energy use and _ Id_ennfy areas of Ider_mfy op_por’(unltles for
5 § consumption significant energy use improving energy

9 and consumption performance

) A \ 4

g’ @[ < Pastand present energy uses 8’ g : Eggﬁ?sy) el
[ g_ « Relevant variables for €3l . Objective

= significant energy use S5 . Targets

\CL « Performance E (@] . Action Plans

Fig. 1. Different steps of the energy planning process as per ISO 50,001 [14].
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Fig. 2. Outline of the stepwise methodology used for developing taxonomy, calculating EEU & CO,, EnPlIs [16].

the Plan Do Check Act (PDCA) cycle for energy optimization in SMEs and
she proposed that the planning phase include initiation, energy audit, and
action plan [39]. Kanneganti et al. integrated energy planning from ISO
50001 with other standard assessment procedures to develop a reporting
format to support the implementation of ISO 50001 [34]. The authors
emphasized the energy assessment of intensive entities through perfor-
mance indicators, in which intensive entities were named as major energy
consumers [39], significant energy users [34], and energy-intensive utili-
ties [40]. Energy planning is also widely addressed in terms of national or
regional levels, but this is different from the energy planning defined by
energy management at the industry level [41]. To the authors” knowledge,
there is a scarcity of relevant studies aimed at formulating guidelines on the
planning process for industries.

As shown in Fig. 1, the energy review is central to energy planning,
and identifying the opportunities for improvement is the final step of an
energy review [14]. Benchmarking is the process of identifying,
analyzing, and comparing energy performance data to identify the op-
portunities for improvement [14]. Benchmarking can be done internally
and/or externally during energy planning, which allows companies to
establish an industry benchmark, a historical benchmark, and a
company-wide benchmark [42]. The industrial benchmark compares a
company’s facility or processes against the facilities or processes of other
companies [36]. The historical benchmark compares a facility’s actual
energy use against itself in earlier times, while the company-wide
benchmark deals with comparing several facilities or processes in the
same company [36]. Benchmarking is a valuable input to the identifi-
cation of improvement activity and energy targets [14].

3. Methodology
3.1. Taxonomy, CO2 Emissions, and performance indicators

The methodology used in the section for the first three aims of the
study was inspired by the study by Kanchiralla et al., and the steps
followed are shown in Fig. 2 [16]. The study used a variety of ap-
proaches including an axiomatic approach, an empirical approach, and
quantitative analysis. One of the major highlights of this methodology is
the validation of results by the end-user, i.e. the energy manager in the
current study, the food industry.

1) Development of taxonomy: The developed taxonomy is based on
hierarchical classification similar to biological taxonomy that consists of
different layers. By using the axiomatic approach method, the collected
literature and the non-numerical data from the audit reports are used to
categorize the processes within the food industry into four levels.
Literature studies were selected on the categorization of EEU processes,
e.g. study by Kanchiralla et al. [16] for the engineering industry, the
study by Andersson et al. [8] for industrial SMEs, the study by Ledu and
Kaminski [19] for EU food industry, the study by Drescher et al. [22] for
food industry, study by Campiotti et al [26] for Italian fruit and vege-
table processing industries, and the study by Gonzalez et al. [43] for
Food Processing Technologies. The main keywords for searching were
EEU categorization of processes in the food industry and the classifica-
tion of processes in the food industry. The EEU data used for this study
from the audit reports of the food industry were based on the bottom-up
approach. The audit reports were provided by a private energy consul-
tancy firm. Out of 17 collected audit reports, only 15 were classified well
enough to be considered in this study. The details of the audit report are

Table 3

Details of audit reports considered for the case study.
Number of audit reports collected 17
Number of audit reports selected 15

[2011-2018]

Meat processing, beer, biscuit industry,
organic food, fruit and vegetable preserving,
sauces, flour, and pasta manufacturing

Year of the audit reports selected
Description of products manufactured
in the companies considered

shown in Table 3:

The taxonomy was developed by adopting the hierarchical EEU
classification developed in the study by Kanchiralla et al. [16], which is
described in Table 1.

2) Validation of the taxonomy and collecting EnPIs: To ensure that the
results of the study are in line with industrial needs, a questionnaire was
developed and distributed among energy managers in certain food
companies. The questionnaire aims to validate the taxonomy and collect
EnPIs and it consists of three main parts. The first part is to understand
energy management within companies, while the second part is
designed to validate the taxonomy by collecting feedback. The last part
is to collect EnPIs used by their company. The questionnaire was sent via
email to twelve companies from the food sector, out of which four
companies answered our questionnaire.

3) EEU analysis: The quantitative approach is used by taking data
from the audit reports to analyze the EEU of the food industry case
study. The developed taxonomy was adopted to analyze how energy is
used in different processes and which carriers supply it. Inspired by Yin
[44], calculating EEU on the aggregated level was done by using a
bottom-up approach as shown in Equation (1). EEU; is the Energy End-
Use, i is the level number. The bottom-up method allows an in-depth
analysis of production processes [45]. Sub-unit processes (level 4)
were taken directly from the audit reports. The sub-unit processes were
summed up to identify the energy use of unit processes (level 3). The
unit processes were further summed up to form the energy use of each of
the major processes (level 2). For the demand side, the major processes
were also summed up to identify the total energy use by the industry.
The total energy use can also be calculated using a top-down approach
from the supply side by summing up the share of each carrier. The
reason for checking both supply and demand sides is to ensure accurate
results. The unit used for EEU is MWh.

EEU; = > BEU;) )

4) CO, emissions analysis: The quantitative method is used after
identifying the exact share of carriers for a process. Emissions can be
calculated by multiplying the energy use of a carrier (MWh) by its
emission factor (kgCO2/MWh). After that, the emissions of all carriers
related to the process are summed up to identify the total emissions of
the process as shown in Equation (2). EEUj, is the Energy End-Use, n is
the energy carrier, EF, is the Emission Factor of carrier n, x is the
number of carriers
AnnualEmissions = ZK (EEU,) x EF, (2)

n=1

In this case study, different energy carriers are used by companies,
including electricity, district heating, heavy oil, diesel, Liquified Petro-
leum Gas (LPG), and biomass. Different energy carriers have different
emission factors, which also may vary depending on the season and
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Table 4
Carbon dioxide emission factors for different energy carriers considered for this
study.

Energy Carrier CO,, Emission Factor (kgCO2/ Year of
MWh) Data

Nordic Electricity (average mix) 59 2013 [47]

Nordic Electricity (marginal) 728 2017 [48]

Swedish District Heating (average 46 2015 [49]
mix)

Swedish District Heating 267 2017 [48]
(marginal)

Heavy Oil 274 2017 [50]

Diesel 222 2017 [50]

LPG 234 2017 [50]

Biomass 345 2017 [50]

region; this especially holds for electricity and district heating [46].
Table 4 shows the energy carriers identified in the companies and their
related emission factors.

Emission factors vary massively depending on the selected source.
For this study, emission factors for fossil fuels were taken from the
Swedish Environmental Protection Agency [50]. As mentioned, emis-
sion factors for electricity and district heating vary according to the
season and region. For this study, emission factors for electricity relate
to the Nordic Electricity Mix since it is traded through Nordpool, which
is a joint electricity market for Northern European countries. [48].
Meanwhile, the emission factor for district heating uses the Swedish Mix
since it is traded locally [48]. For this study, two scenarios are consid-
ered for both electricity and district heating due to the variation of their
emission factors throughout the year. For the first scenario, the emission
factors are taken according to the average Nordic electricity mix [47]
and the average Swedish district heating mix [49]. In the second sce-
nario, the marginal Nordic electricity mix, and the marginal Swedish
district heating mix are considered [48]. The average electricity is
merely a description of the life cycle emissions from generating 1 MWh
of electricity [51]. Marginal electricity is electricity produced by mar-
ginal sources. The marginal sources in the Nordic region are coal-fired
power plants for marginal electricity and oil-fired combined heat and
power plants (CHP) for marginal district heating according to previous
studies [52].

5) Identifying potential EnPIs: An axiomatic approach was used for
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collecting and studying EnPlIs in the food industry. The same question-
naire used in step (2) was used to collect EnPIs from different companies.
The questionnaire was shared with the food companies and many works
of literature were studied and analyzed in this concern, including gen-
eral guidelines in ISO 50,006 [9], the study by Kanchiralla et al. [16] for
the engineering industry, the study by Schmidt et al. [31], for
manufacturing processes, and study by LJ Energy Pte Ltd [32]. Variables
such as boundary definition and process characteristics are considered
while analyzing the EnPIs in previous studies. A previous study on the
Swedish engineering industry [16] shows already developed EnPlIs for
organizational, system, and process levels. Only the production pro-
cesses vary widely between different industrial sectors. The EnPIs at the
organizational level, system level, and support process level are general
and suit any industry, hence the same can be adopted by the food in-
dustry. The scope of this study is to identify EnPIs for intensive pro-
duction processes only. Various works of literature were evaluated and
the EnPIs were identified, considering the relevant variables linked with
the energy performance of production processes and their attributes.

6) Validating EnPIs by food companies: Another questionnaire was
designed to validate the EnPIs and consists of two main parts. The first
part comprises lists of EnPIs proposed for the food companies in which
the production EnPIs are developed by the study, while the other EnPIs
are taken from the literature, including support, system, and
organizational-level EnPIs. The second part of the questionnaire consists
of three questions related to the importance of EnPIs to the companies,
the applicability of EnPlIs to their factory, and open suggestions for other
EnPIs to be added to the study. This questionnaire was sent via email to
sixteen companies from the food industry and only one company
responded to the questionnaire.

3.2. Energy planning framework

The conceptual approach was used to construct the EPF. The evidence
for the parameters required for the framework was shortlisted by scruti-
nizing various concepts mentioned in different kinds of literature. The base
of the framework was adopted from ISO 50,001 and it was integrated with
the concepts mentioned in various studies, which were shortlisted to form
the structure of the framework. The attributes for the steps were then
critically analyzed before they could form the basis for inputs to the energy
planning.

Level 1
Energy Carriers |

§[Electncny][ P ][Biomass}[ LPG ][ oil ][ Diesel ][ S ][ Coal ][Rgr‘\';‘\’“:ge][ Others ]

Production Process

Level 2

Support Process Major Processes

‘ Heat Processing ‘

[ size Conversion |
[ Addion |
| Separation |
| Cooling |
| Preprocessing |
| Postprocessing |

‘ Others ‘

‘ Ventilation \ Level 3

\T\ Unit Prccessesé
| Compressed Air |
=T
[ Internal Transport |
[ Pumping |
[ Water Purification |

‘ Space Cooling ‘

Fig. 3. Categorization of level 1, level 2, and level 3 in the taxonomy of the food industry.
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Fig. 5. EEU for each level of taxon processes and energy carriers in the Swedish food industry (values are rounded to the nearest 50 or 100).

3.3. Methodological limitations

example the transportation of goods out of the company) is excluded.
Fourth, one of the major limitations is the lack of data that are relevant

Certain limitations exist in this study. First, not all the collected audit to EnPI development. Fifth, the industry lacks similar research in this
reports of the food industry were detailed enough in terms of energy use. field, so comparison and contrast were not always feasible. Finally,
Second, the data has considerable heterogeneity due to the variety of energy data are not available at the instrument level in the case study, so
sizes and production volumes. Third, external transportation (for it is not considered in either the EEU categorization or EnPI
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Fig. 6. Share of EEU from different energy carriers for the production and support processes of the food industry. Percentage in order of electricity, oil, district

heating (DH), LPG, biomass, and diesel.
development.

4. Results and analysis

4.1. Taxonomy of EEU for the food industry

Collecting literature studies and audit reports, and adopting the hi-
erarchical classification developed by Kanchiralla et al. [16], has
enabled a hierarchal EEU taxonomy for the food industry to be devel-
oped. After considering the energy flow as the attribute for classifica-
tion, a four-level taxonomy has been developed.

Fig. 3 shows that level 1 gathers nine key energy carriers as relevant
supplies to the food industry, excluding “Others”. Level 2 shows the two
major processes, which are production and support. Level 3 gathers unit
processes for each major process separately. For support, ten unit pro-
cesses are gathered, while there are seven unit processes for production,
excluding “Others”. Level 4 (see Fig. 4) gathers the technologies derived
from unit processes, which are sub-unit processes. It can be noted that
support processes are not further subdivided into level 4. The “Others”
category among unit processes and sub-unit processes are undefined.
Level 5 on equipment is excluded from this study due to the unavail-
ability of data at this level. The developed taxonomy was validated by
four food companies.

g R
%
')" ’
2
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4.2. Energy End-Use

The energy data from the audit reports are used to analyze the EEU,
which is studied by adopting the taxonomy approach in section 2. Fig. 5
shows the results of the energy analysis of the food industry; it can be
seen how energy flows through different hierarchies and is distributed to
various categories defined in the taxonomy. As shown in Fig. 5, EEU
varies widely between processes. The annual EEU is 27,050 MWh/year,
of which 19,000 MWh/year is the EEU of production, while 8,050 MWh/
year is the EEU share of support processes. It can be noted that 70% of
the total energy is utilized for production in the food industry, which
shows that the production processes are more intensive for the food
sector. The remaining 30% of the energy is used by the support
processes.

Fig. 6 shows the supply-side (that is the total share of energy from
energy carriers used in the industry) for the production processes and
the support processes. It can be noted that the main energy carrier used
for production and support is electricity, followed by heavy oil. The use
of heavy oil in production is more than support, due to the intensive use
of heat in the production-related processes. Other carriers such as
biomass and diesel are used within the industry, but their share is very
small compared to other carriers.

Fig. 7 shows the share of EEU per unit process at level 3 for both
production and support unit processes. Appendix A shows the

Production processes
BN Heat processing
Cooling
Other production processes

Size conversion

Support processes

B Space heating
Hot water

B |ighting

Other support processes

Compressed air

Ventilation

Fig. 7. The share of EEU for different unit processes for both support and production processes in food industry. Processes with a share of less than 1% are included in

other production processes and other support processes, respectively.
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Fig. 8. CO, emissions for each category at different levels of taxon in the food industry based on scenario 1, where average Nordic electricity and average Swedish

district heating are considered.

distribution of energy from each carrier to each production unit process
and support unit process in Fig. A1 and Fig. A2 respectively. It can be
noted that space heating and hot tap water are the most energy-intensive
unit processes among the support processes, and all the companies are
located in Sweden, which is known for its cold climate. Lighting is the
third most energy-intensive support unit process. Among the production
unit processes, heat processing is the most energy-intensive due to the
heat requirements for several processes, and due to the use of fossil fuels
as the supply. Cooling is the second most energy-intensive process since
the production involves a demand for refrigeration and deep-freezing
technologies, which are intense in terms of energy use. Size conver-
sion is the third most intensive production unit process. Processes where
the energy requirement is less than 1% are not shown in the figure, and it
may be noted that the energy required for space cooling is much less in
the case study. This is particular to cold countries like Sweden, where
space cooling is not required, but this may change with geography.

4.3. CO, emissions

The CO; emissions are also calculated based on the taxonomy, and
EEU in section 4.2 is used as the basis for the calculation of emissions.
CO4 emissions are calculated by considering emission factors in two
scenarios. The average Nordic electricity mix and the average Swedish

district heating mix are considered as the first scenario, as presented in
Fig. 8. From the case study, the total contribution of emissions is 3,790
tonnes of CO,. Production processes are responsible for 2,950 tonnes of
CO,, while support processes are responsible for about 840 tonnes of
CO3 annually.

Emissions from production processes are more than three times the
emissions from support processes, due to the massive use of oil and LPG
besides electricity. Oil is responsible for the largest share of emissions
compared to the other energy carriers. Meanwhile, most of the support
processes’ emissions have resulted from the use of oil and electricity,
with a slight share of diesel, biomass, and district heating. In terms of
unit processes, heat processing is the most emission-intensive, followed
by cooling and hot water. Fossil fuels have high emission factors;
therefore, they contribute to a high share of emissions even with slight
energy use.

The marginal Nordic electricity mix and the marginal Swedish dis-
trict heating mix are considered for calculating CO5 emissions in the
second scenario, as presented in Fig. 9. The total contribution of emis-
sions is 14,040 tonnes of CO, annually, with production processes
responsible for 9,610 tonnes of CO,, while support processes are
responsible for 4,430 tonnes of CO,, Electricity is the most intensive
emission carrier, due to the intensive use of electricity within the in-
dustry and the high emission factor for marginal electricity, which is
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Fig. 9. CO, emissions for each category at different levels of taxon in the food industry based on scenario 2, where marginal Nordic electricity and marginal Swedish
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Fig. 10. Share of CO, emissions from different energy carriers for the production and support processes of the food industry. Scel represents Scenario 1 and Sce 2
represents Scenario 2. Percentage in order of electricity, oil, district heating (DH), LPG, biomass, and diesel.

generated by coal condensing power plants during the majority of the
year. Also, the share of district heating increased slightly, although it is
not used intensively due to using the marginal Swedish district heating
emission factor, which is higher compared to the average Swedish one.
Appendix A shows the distribution of CO, from each carrier to each
production unit process and support unit process for scenario 1 in
Figs. A3 and A4. Also, emission values for each carrier at the unit process

level for scenario 2 are shown in Figs. A5 and A6.

Fig. 10 shows each energy carrier’s share of total emissions accord-
ing to both scenarios. Also, it shows the contribution from each carrier to
each of the production and support processes according to the two
scenarios. It can be noted how the total emissions in scenario 2 exceed
scenario 1 due to the higher emission factors of both electricity and
district heating. Quantities of CO, emissions remain constant for the
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Fig. 11. The share of CO, emissions for different unit processes for both support and production processes in the food industry (scenario 1). Processes with a share of
less than 1% are included in other production processes and other support processes, respectively.
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Fig. 12. The share of CO emissions for different unit processes for both support and production processes in the food industry (scenario 2). rocesses with a share of
less than 1% are included in other production processes and other support processes, respectively.

other energy carriers, although their percentages change between both processes according to scenarios 1 and 2 respectively. In the first sce-
scenarios, which is due to the change of quantities and percentages for nario for support processes, space heating is the most intensive, followed
both electricity and district heating. This has a major impact on both the by hot tap water and lighting respectively. The reason for this is that
production and support categories. In production, emissions from elec- both space heating and hot tap water are supplied by oil and other fossil
tricity are 75% in scenario 2 and 20% in scenario 1. In support, the share fuels. In the second scenario, lighting is the most intensive, followed by
of electricity increases from 34% in scenario 1 to 80% in scenario 2. space heating and hot tap water. The reason for the increase in these
Figs. 11 and 12 represent the emission contribution for all unit processes is the high emission factors for the marginal Nordic electricity.

In both scenarios for production processes, heat processing is the most

Table 5 emission-intensive, followed by cooling and size conversion, respec-
Collected EnPIs from different types of food industries. tively. The ranking of the first scenario can be explained by the reliance

of heat processing on fossil fuels, which are emission intensive. In the

Company Product Range EnPIs
second scenario, although heat processing decreases as a percentage, it
Company A Pasta, mayonnaise and related products EI’W;/ I‘Z’f’ezﬁem is still constant in terms of quantity of CO, emissions, but the CO,
Company B Chocolate and candy M;Vho/ionl;:e of production emissions contribution from both cooling and size conversion increases
Company G Bread, toast KWh/kg of products due to the marginal Nordic electricity consideration.
KWh/line
Company D Beer None

10
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Table 6

Identified EnPIs for the production processes for the food industry.

Production Process Level — Food Industry

Unit Process EnPI Characteristic
General for all CO,, emissions (kg)/energy use in process ~ Ratio

Production Unit (MWh)

Processes Fossil fuel consumption (kWh) Absolute
Total energy use (kWh/type of energy Absolute
carrier)

Total energy savings (MWh) from EEM/  Absolute
year
Total energy use (kWh)/production Ratio
(hours)
Energy use (kWh) during peak hours Absolute
Peak demand in month (kW) Absolute
Total electricity use (kWh) Absolute
Percentage of total energy use at idle Ratio
versus total energy use of the process (%)
Actual energy use to actual output/rated  Statistical
energy use to rated output
Heat processing The conversion efficiency of a boiler (%)  Ratio
Energy (kWh)/amount (tonne) of steam Ratio
produced
Energy (kWh)/volume (m®) of heated Ratio
space
Cooling Coefficient of Performance (COP) for Ratio
cooling systems
Energy use (kWh)/ m°®) of the cooling Ratio
space/year
Energy (kWh)/tonne of material Ratio
Size conversion Energy (kWh)/cross-section m?) of Ratio
material
Energy (kWh)/volume (m®) of material Ratio

4.4. Energy performance indicators in the food industry

EnPIs collected from four companies using the questionnaire are
shown in Table 5.
Inspired by a previous study [16], EnPIs have been developed to
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general EnPIs can be used to control and monitor EEU for all production
processes. Other EnPIs are process-specific, and they meet the needs for
a unit process specifically, as shown in Table 6.

The five intensive support unit processes for the industry are space
heating, hot tap water, lighting, compressed air, and ventilation, with
EnPIs for these unit processes already developed in a previous research
study [16]. All the EnPIs were validated by one of the biggest bread
companies in Sweden, which stated that EnPIs have the greatest impact
on their energy use. The company also stated that they have more in-
terest in production EnPIs than other EnPIs, due to the cost required to
establish such EnPIs and due to the complexity of explaining their
fluctuations. The company suggested that “kWh/line” should be added
to the production EnPIs and they expressed their interest in future EnPIs
that target specific technology types especially for support processes,
which was not part of this study.

4.5. Conceptual energy planning framework for industries

From the results of this study, both taxonomy and EnPIs are inte-
grated to form the EPF, as shown in Fig. 13. The aim is for this frame-
work to support industries by giving them more detailed and practical
guidelines to follow. The framework is general to suit all industries, but
there might be some details that apply to specific circumstances. The
framework consists of the following eight steps:

1) Categorize processes according to a standardized taxonomy: Categori-
zation of processes should be done according to a standardized tax-
onomy. The companies should identify and map their internal
processes into major processes, unit processes, and sub-unit pro-
cesses according to the taxonomy. The details of the internal pro-
cesses can be identified mainly from a previous energy audit report if
the company already has it. If not, the company can make use of
processes described in the standard operating procedures. It should
be noted that the categorization of the processes is recommended
before auditing.

meet the needs of the food industry. The EnPIs have been developed for 2) Calculate EEU for unit processes: Calculating EEU for identified unit
energy-intensive production unit processes, which are primarily heat PIOCESSes requilres energy audits or energy. monitoring. Thorough
processing, cooling, and size conversion, and generally for all other classification of EEU and types of energy carriers can be used to build
processes. The EnPIs have been developed using collected data from EEU .for unit processes within a facility as well as the related
companies, and by investigating EnPIs from different studies. The emissions.
Standard taxonomy Energy audit /energy
for specific sector monitoring
L D S S N\
: ~ . Analyse EEU of sub-unit | !
[ oaze AR Calculate EEU for unit | | ANalV2e EEU of process L | * 5o ccec and identify | |
! processes as per processes and identify intensive unit areas of significant energy| |
' standard taxonomy == processes s aE
LA 7 Y J X v J i
! o O S N
\ | Fix EnB by assessing s |
: energy use Identify relevant variables ldenu:,dlsi‘pireiv:)@ent Define system boundary
‘ Fix EnPI target for and select EnPI mhEEhy for identified areas !
| improvement hendInarkig '

*Energy baseline
*EnPls

*Energy objective
*Energy target
sAction plan

, Variables and list of |
standard EnPls

Internal/external
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Fig. 13. Energy planning framework.
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3) Analyze EEU of processes and identify intensive unit processes: EEU
obtained in the second stage should be scrutinized at the unit process
level to identify the unit processes that have high energy usage.
These processes may be referred to as intensive unit processes. This
comparison helps energy managers with the prioritization of unit
processes for further investigation of the sub-unit processes.

4) Analyze EEU of sub-unit processes and identify areas of significant energy
use: Further EEU of sub-unit processes should also be analyzed to
identify which technologies use more energy. In addition, this should
be expanded to a broader system level (e.g. production line or
department level) as this helps in identifying where exactly the en-
ergy is used more. This may be referred to as areas of significant
energy use (it may be at an organizational level, system level, or
process level). It is important to define the area of significant energy
use, as it gives a comprehensive as well as a broader picture. For
example, on some operation lines, only a specific sub-unit process
may be using more energy, or in another case, there may be multiple
interlinked sub-unit processes that consume more net energy.

5) Define system boundary for identified areas: After identifying the area
of significant EEU, system boundaries should be defined to provide a
credible comparison. The system boundary is a key element in
determining what might be a process, system, or organization. The
definition of the system boundary is important to effectively focus on
the significant area of energy use. For the system and organizational
level, the target boundary can be narrowed, if possible, to sub-
boundaries that can quantify energy flows in detail.

6) Identify improvement activities by benchmarking: The areas of signifi-
cant EEU may now be scrutinized using benchmarking to identify the
improvement activities. Benchmarking may be internal or external.
Internal benchmarking makes use of good practices within an orga-
nization. External benchmarking allows comparison with other
existing technologies in other organizations. External benchmarking
can also be based on BAT or Best Available Techniques Reference
Documents (BREF).

7) Identify relevant variables and select EnPI: After identifying the
improvement activity, it is important to monitor the energy perfor-
mance. The selection of EnPIs is highly dependent on the relevant
variables. Relevant variables should characterize the parameters that
affect energy use, such as production hours, weather, area, etc.
Separating variables with significant impact on energy performance
from the variables with low impact is important for further data
analysis in order to determine the significance of relevant variables.
Based on the relevant variable, appropriate EnPIs can be selected.

8) Fix EnB by assessing energy use and fixing EnPI target: After the selec-
tion of EnPIs, the quantitative value of the baseline period, i.e. EnB,
should be fixed based on the present system. The energy objective
and energy target should also be finalized and quantified for
assessment after the implementation period. Once the objective is
set, an action plan should be drawn up for the implementation of the
identified improvement activity.

5. Discussion

The study integrates standard EEU taxonomy and standard EnPIs
into energy planning, leading to the development of an EPF. The study
is, to the authors’ knowledge, unique as it not only provides a standard
taxonomy for EE and a list of potential EnPIs for the food industry, but
also sets guidelines for effectively utilizing these parameters via energy
management through the EPF. The EPF is also very general, so that it
applies to all types of industries that have a standard taxonomy and list
of potential EnPIs.

5.1. Taxonomy and EEU categorization in the food industry

The study presents an EEU taxonomy for the food industry by
adopting the science of classification, hence distinguishing itself from
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other studies on the food industry. The reason behind not adopting the
BAT guidelines is that the BAT categorization [25] is very broad and can
be described as categorization on an aggregated level. In contrast, the
taxonomy built in this study is on a disaggregated level, since it adopts
the hierarchal classification of EEU as the basis for classification [16].
Like a study on the wood industry [15] and the engineering industry
[16], this study presents the carriers used to supply the industry, their
share, and their related emissions, while other studies [17,22,25]
neglect the supply side in their categorization. Including the supply level
helps in identifying energy transition opportunities for reducing
emissions.

This taxonomy is similar to EEU categorization of the food SMEs
developed by Andersson et al. [8], which is more simplified. The support
unit processes are the same, except that water purification and pumping
are added to this study. However, some major differences exist regarding
production unit processes. Andersson et al. [8] presented six production
unit processes, most of which, with the exception of cooling/freezing,
are considered sub-unit processes in this taxonomy. For example, mixing
in this study is considered a sub-unit process under the “addition” unit
process. The reason for such differences is that the categorization by
Andersson et al. [8] is based on the categorization by Soderstrom [20].
Meanwhile, this study is based on a hierarchal classification that is
extended to include sub-unit processes [16]. Also, the EEU categoriza-
tion by Andersson et al. is not comprehensive. The reason might be that
their categorization included only the processes used in the food SMEs,
which do not usually have a large variety of processes due to small
production volumes. The taxonomy presented in this study is more
generic, because it is based on both literature and audit reports from the
food industry. The importance of hierarchical categorization lies in
being able to obtain information about EE in entities with different hi-
erarchies in the system [53]. This enhances the monitoring and analysis
of energy use for the optimization of EE potential in the industry [42].
One of the limitations of previous studies is that, with the advancement
of technology, there are no clear attributes that define the addition of
new specialized processes to the taxonomy. The classification method in
this study uses the classification methodology listed by McCarthy for
manufacturing processes [54]. This allows the extension of the cate-
gories, based on an evolutionary change in the process. This means that,
as more technologies or methods are developed, the taxonomy can be
continuously refined.

5.2. Allocation of EEU and CO; emissions in the food industry

The case study on the food industry shows more awareness of where
and how energy is used. It can be noted from the case study that 93% of
energy within the production process is utilized for three unit processes:
heat processing, cooling, and size conversion. CO, emissions for these
processes are 97% for scenario 1 and 90% for scenario 2 for the pro-
duction process. This is in line with the report by the U.S. Environmental
Protection Agency [24], which highlights that the heating and cooling
systems have the highest energy requirement. In another study [8], the
majority of the production processes are not categorized. For the support
processes, six processes — mainly space heating, hot water, lighting,
compressed air, ventilation, and water purification — utilize 90% of the
energy. CO, emissions for these processes are 92% in scenario 1 and 88%
in scenario 2. This is in line with the previous study [8], where space
heating, hot water, ventilation, lighting, and compressed air are the
major end-users of energy. Water purification is not classified in this
study. The results can be taken as a reference for future studies and
planning, and used to target the energy-intensive processes. The limi-
tation of these recommendations is that they result from one case study,
and thus further research is needed, as it may be different for some other
companies. These recommendations can therefore not be seen as
representative of the whole food industry but even so, the study contains
major novel elements on which further research can be built. Also, this
study does not underestimate targeting any other unit processes with
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efficiency measures and indicators, but highlights the importance of
prioritizing the intensive ones.

In terms of emissions, the emissions caused by major processes, unit
processes, and sub-unit processes are calculated according to two sce-
narios. It can be seen that the total emissions of the industry from sce-
nario 2 are more than the total emissions from scenario 1. This can be
explained by the fact that in scenario 2 the marginal electricity is pro-
duced from coal-fired power plants, while the marginal district heating
is produced using oil-fired CHP [48].

5.3. Implications of indicators on the industry

EnPIs play an important role at different levels of energy manage-
ment [55]. However, there is more focus on the aggregate level, leaving
out sub-systems and equipment levels in the industrial organizations
[36]. Relevant EnPIs are important on an aggregated level, such as for a
site or a company, or a disaggregated level, for example processes, unit
processes, and sub-unit processes. As stated by Beisheim et al. [33], the
process level EnPIs can be used to indicate the root cause of deviation at
the site level, making an understanding of the cause-effect relationship
more feasible. Relevant EnPIs based on defined boundary levels enable
easier benchmarking. Easier benchmarking enhances the selection of the
right EnPIs and motivates companies with modest experience to apply
them, since there is a lack of decision-supporting tools in energy im-
provements through EnPIs, which is also a problem for firms [35].
Providing relevant EnPIs for the food industry can assist the industry’s
decision-makers in estimating the EE potential and deciding on
improvement measures [15]. Indicators vary with the situation and
there is no single indicator that can be used for all cases, due to the
variety and complexity of processes [42]. This calls for standardization
of EnPIs at different levels to eliminate the difficulty of benchmarking,
since plants with similar production processes can be easily bench-
marked [42].

Studies aimed at enhancing the application of EnPIs provide a con-
ceptual framework for energy management [36]; however, it is not well
structured in terms of EnPI development and selection [35]. This study
develops EnPIs for production unit processes in which the defined
boundary for the EnPIs is the process level boundary. The support EnPls
identified in the literature defined their boundaries and can be directly
adapted to the food industry [16]. Applying EnPIs to intensive processes
helps to monitor the performance of such processes, since they lack
energy monitoring [35]. One of the highlights of the EnPIs developed in
this study is that the EnPIs address the research gap highlighted by May
et al. [35]. The first research gap — lack of indicators suitable within a
manufacturing facility [35] — is addressed by proposing specific EnPIs
for the food industry. The second gap of difficulty in benchmarking
between plants [35] is addressed by standardizing the EnPIs for pro-
cesses specifically. This is similar to the EnPIs developed in the study of
the engineering industry [16]. This study tried to have the EnPIs vali-
dated by companies. While validating the EnPIs, only one company
provided feedback. If more responses had been received, more EnPIs
that meet industrial needs could have been collected and presented in
this study.

5.4. Enhancing performance of the energy planning

To the authors’ knowledge, this is one of the first attempts to
construct an EPF for energy management in industries. This EPF can
address the remaining research gap highlighted by May et al. [35]. The
third gap regarding the absence of energy reporting [35] can be resolved
by following the guidelines on energy use calculation using the taxon-
omy. The fourth gap concerning lack of guidelines for EnPI selection
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[35] is resolved by the use of variables and boundaries, as mentioned in
the EPF. The fifth gap — lack of supporting tools for EnPI development
[35] —is closed by standard EnPIs for processes and systematic identi-
fication of improvement activity. Thus, the EPF provides very clear and
practical guidelines for energy planning in the industry, which can
enhance energy performance.

In previous studies, some authors have highlighted the importance of
energy auditing in energy planning (eg: study by Micieta et al. [38]),
while some authors address the importance of EnPIs in energy planning
to evaluate the performance of significant energy users (eg: study by
Muniz et al. [56]), and some authors highlight the importance of iden-
tifying the advanced technology (eg: study by Micieta [38]). Another
highly relevant study by Prashar [39] adopts the PDCA cycle in energy
management. This study highlights the need for an energy audit in en-
ergy planning, but it does not address the need for standard taxonomy
for the audit, and it also suggests selecting EnPIs before benchmarking
[39]. This shows the absence of a comprehensive perspective on energy
planning among authors, or only a partial focus. The EPF addressed in
this study provides guidelines on how different inputs such as audits,
EnPIs, taxonomy, and benchmarking should be used in various stages of
planning. By adopting a standardized taxonomy for audits, it enhances
the in-depth categorization of EEU. The deep analysis of EEU at different
hierarchical levels helps companies to direct their EEMs, especially at
the most intensive unit processes, sub-unit processes, and equipment
level if possible. The EPF enables constructive data collection through
the guidelines for benchmarking and comparison at different levels. It
also allows external benchmarking with the market and competitors,
plus internal benchmarking to compare at the facility level, system level,
or process level. Such knowledge improves the selection of improvement
measures and technologies. Integrating the EnPIs along with the sig-
nificant variables and boundary helps in the credible comparison and
monitoring of the improvement activity. The EPF provides a uniform
way to use different inputs of energy planning in a systematic way,
which helps with credible comparisons, effective monitoring, and
formulation of achievable targets and action plans. This EPF also ad-
dresses the gap between research and industrial needs, so that the EE
potential within the industries can be tapped efficiently. The developed
EPF is general for all industries and only forms the guidelines for
effective planning. For future studies with more knowledge about
increased adoption of the EPF, the framework can be developed with
more in-depth details specific to each type of industry.

5.5. Policy implications

The standard taxonomy can be used by policymakers for energy
reporting from the respective sectors, thus allowing for credible com-
parisons of different industries. The intensive processes identified in the
study can be used as a pivot for targeting the policies and industrial
practices towards EE implementation and emission reduction. This
paper recommends the widescale implementation of EPF across in-
dustries to improve energy management. The standard practice eases the
consolidation of EE potential at the regional level and national level,
which helps policymakers and decision-makers in their development of
regulations and policies.

This output from the study also helps the administrators to create a
database of BAT at the national level, similar to the BREF developed by
Integrated Pollution Prevention and Control and the Industrial Emission
Directive [25]. The advantage of creating the national-level BAT is that
the documents can be updated based on the deployment level at the
national level and also considering regional factors such as weather,
energy cost, emission factors, etc. This national-level BAT can also
integrate a sector-specific benchmarking tool built with EnPIs that
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enables energy managers to estimate EE potential with BAT and decide
on improvement actions to be implemented.

6. Conclusion

The study presented a novel taxonomy, based on hierarchical clas-
sification, that can serve as a theoretical basis for a credible comparison
of energy use and performance within processes. This paper analyzed
the energy and CO; intensity of processes in the Swedish food industry
via a case study and found that 70% of the total energy goes to the
production process. This paper also suggested potential EnPIs for
intensive production processes. This paper introduced a comprehensive
EPF model that provides guidelines to integrate taxonomy, audits,
EnPIs, and benchmarking for effective energy management.

The suggested taxonomy consists of several hierarchy levels covering
energy carriers, major processes, unit processes, and sub-unit processes,
and allows an evolutionary development with the advancement of
technology. This forms a basis to construct databases of energy use,
downstream CO; emissions, energy efficiency mapping, BAT databases,
and carbon mitigation measures. The analysis of energy use in the case
study using the suggested taxonomy shows that 70% of the energy goes
to the category “production”. The most energy-intensive production unit
processes are heat processing, cooling, and size conversion, which ac-
count for more than 93% of the energy used in the production process.
Lighting, ventilation, compressed air, space heating, and hot tap water
are the most energy-intensive support unit processes, accounting for
about 86% of the total energy used in support processes. Although
emissions vary from one scenario to another, heat processing and
cooling are the most emission-intensive unit processes, followed by size
conversion. Space heating, lighting, and hot tap water are emission-
intensive support unit processes in both scenarios, and their order
changes from one scenario to another. The study developed EnPIs only
for the intensive production processes, as most of the support processes
are common across the different types of industry and only the share of
energy varies by industry. EnPIs for support processes are already
available in different studies. One of the findings in this study is that
currently, the energy management practices and use of EnPIs are not
very common in the food sector.

As highlighted by previous studies, this study also acknowledges the
existing gap between the industry and research. The main purpose of the
EPF developed in this study is to close this gap for any type of industry
sector that has a clear taxonomy of processes based on energy use. The
EPF is an upgrade of the energy planning guidelines described in ISO
50001, which gives a comprehensive procedure by including the prac-
tical elements of energy management. The study suggests that com-
panies adopt the EPF and customize it for their technologies, thus
making it more company-specific. Further future studies can be done on
developing an in-depth framework for each type of industry and con-
ducting surveys to understand the effectiveness of EPF for closing the

15000
<= 12000 T
=
s 9000 ‘
£ 6000
2 |
s ]
0 )
Size Heat Addin
Reduction ' Processing ne
M Diesel 0 22 0
LPG 0 2795 0
DH 0 0 (o)
= Oil (o} 6155 0
M Electricity 479 3332 13

Applied Energy 304 (2021) 117788

gap and for effective energy management.

Overall, the study contributes toward extending the EE potential,
since it is not focused on technical efficiency alone, but rather extends to
include guidelines for effective planning, which is among the energy
management practices. The study is unique in the food industry by
adopting a novel taxonomy and creating an EPF that contributes to
effective energy planning and improving the EE potential within the
industry. The study calls for sector-specific taxonomies, in which the
EPF can be applied to other firms with similar taxonomies. Also, the
study calls for policies on energy and emission-intensive processes to
reduce their impact. In addition, it calls for the energy transition to
replace fossil fuels with cleaner energy sources such as utilizing bio-
waste in the food industry to produce biofuels.
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Appendix

See Fig. Al, Fig. A2, Fig. A3, Fig. A4, Fig. A5 and Fig. A6.
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Fig. Al. Energy use for the unit processes in the production category based on the case study of the Swedish food industry.
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Fig. A2. Energy use for the unit processes in the support category based on the case study of the Swedish food industry.
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Fig. A3. CO, emissions for the unit processes in the production category based on the case study of the Swedish food industry (Scenario 1).
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Fig. A4. CO, emissions for the unit processes in the support category based on the case study of the Swedish food industry (Scenario 1).

15



F.M. Kanchiralla et al.

6000
5000
0
O 4000
G
by 3000
2
c 2000
o
o
1000
0 . —
Size Heat .
Reduction | Processing Adding
M Diesel 0 5 0
mLPG 0 655 0
DH 0 0 0
m Qil 0 1688 0
M Electricity 349 2426 9

Applied Energy 304 (2021) 117788

PFOF;ZSStSi ng prOFc’:;si ng Cooling Others
0 0 0
0 0 0 0
o 0 0 14
0 0 0 0
48 146 3566 698

Fig. A5. CO, emissions for the unit processes in the production category based on the case study of the Swedish food industry (Scenario 2).
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Fig. A6. CO, emissions for the unit processes in the support category based on the case study of the Swedish food industry (Scenario 2).
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