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Abstract

Chile is one of the countries with most growing industries worldwide due to their mining and manufacturing industries.
Nevertheless, at the same time there is a lack on energy generation and processes efficiency. The objectives of this paper are
to estimate the amount of available industrial waste heat derived from the manufacturing industry in Chile, to locate these
heat sources geographically, to assess the best technologies to be used to take advantage of this heat, and finally, to estimate
the environmental savings of its reuse. Results showed that the sectors with the highest potential for the use of residual heat
are food and beverages with an average accumulated potential of 62.9 PJ, basic metals with 21.5 PJ, chemical products with
15.1 PJ, paper products with 10.8 PJ, and non-metallic minerals with 10.6 PJ. With these data, the energy generation in
Chile could be more efficient as well as the industrial processes could save more energy, reducing costs and raw materials.

Keywords Industrial waste heat - Chile - Manufacturing industry - Heat recovery

Introduction

Industrial waste heat IWH) recovery has been widely stud-
ied during the last years since it implies an attractive oppor-
tunity to improve energy efficiency while being considered a
low-cost energy source. This heat can be reused for an onsite
process in the same industry or be stored as heat to produce
electricity on demand.

There are several classifications of IWH potential, accord-
ing operation temperatures, type of potential, amount or
thermophysical properties. In this direction, Brueckner et al.
(Brueckner et al. 2015) proposed differentiating between
theoretical, technical, and economic potential. Along with
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these parameters the authors highlighted three dimensions:
study scale, data collection, and a bottom-up or top-down
approach.

In this direction, one of the main drawbacks for IWH
studies are the site-specific data obtention regarding waste
heat volumes released from industrial facilities. Due to this
lack, some authors (Miro et al. 2016; Brueckner et al. 2014)
applied different approaches related with data estimations
for heat demand using energy factors based on company type
and process-based efficiency. Brueckner et al. (Brueckner
et al. 2014) proposed waste heat estimation methods based
on surveys and company size parameters. These methods are
summarised in Fig. 1.

Many of the IWH studies found in the literature are
focused on European countries and the Intergovernmental
Panel on Climate Change (IPCC) established IWH recovery
as one of the tools for CO, mitigation. However, there is a
lack of information in South-American countries. In the case
presented in this paper, bottom-up and top-down approach
were used for IWH estimations in Chile.

Chile represents one of the main important countries
in mining industry, especially in copper and inorganic
compounds, but there are other growing industries, such
as manufacturing, that also present an important volume
in the country. Due to the lack of information and govern-
mental regulations for the mining sector, manufacturing
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Fig. 1 Classification of methods
for IWH estimations (Brueckner
et al. 2014)

[ Waste heat estimation methods ]
|

was the industry selected to estimate the amount of avail-
able IWH in Chile, being the first study in this topic in the
country. Additionally, the aim of this paper was focused
on how to locate these heat sources geographically, to
identify the energy involved in the manufacturing indus-
trial processes, and finally, to estimate the environmen-
tal savings of its reuse. The data selection was carried
out in Antofagasta (Chile) from 1st March 2016 to 30th
November 2017.

Materials and methods
Industrial waste heat (IWH) estimations

Taking into account the lack of highly accurate available
methods to estimate the IWH, there are some methodology
strategies to achieve medium accuracy estimations, which
have been applied in different countries and regions (Miro
et al. 2015), identifying the uncertainties due to the assump-
tions considered. In our case study, the transfer of key fig-
ures is used to identify the IWH potential and the waste
heat per energy consumption ratio is used as transferable
figure (Eq. 1), as the relation between the amount of IWH
(Qrwr) and the amount of energy consumption (Ey,,) for an
industrial sector:

Orwr
%) =
f(%) Ep )]

After revision based on scientific papers and available
reports, 14 studies which report transferable figures were
found. Those studies are classified in Table 1, listed regard-
ing the following parameters:

A
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Year of publication: Even though the first studies were
developed in the beginning of the 80’s, the topic was
forgotten for 20 years until 2002 where the concern on
the recovery of industrial waste heat has raised again.
Geographical scope: USA is the most recurrent geo-
graphic scope but other European countries like Ger-
many, France and Sweden were also considered. Finally,
Turkey, Korea, and China also published transferable
figures.

Input energy considered: The studies found are differen-
tiated whether only fuel or the combination of fuel and
electricity are considered as input values.

Type of potential: According to the classification of
potential presented by Brueckner et al. (Brueckner et al.
2014), most studies were referred to theoretical potential
and none of them consider economic potential.
Temperature range: Operational temperatures range ana-
lysed in the study.

Industrial classification: Depending on the geographical
scope, each author considered different industrial sector
classifications. Some countries have national standards
to classify the sectors, however, some authors used their
own classifications. In order to make those figures trans-
ferable, the relation between each industrial classifica-
tion used and the ISIC (International Standard Industrial
Classification), which is the current regulation in Chile,
was identified.

Accuracy: According to (Brueckner et al. 2014), methods
to estimate IWH can be classified by accuracy in three
different categories: rough methods, using few statistical
data, medium precise estimate, with more detailed litera-
ture data and coefficients, and high precision methods,
with measured data. None of the studies developed high
precision methods.
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The transferable ratios found in the literature were pro-
cessed in order to match the scope of this paper.

Other transferable methodologies in the literature are
based in the individual site CO, emissions (Persson et al.
2014; Schurr et al. 2013), however, this data is not available
in Chile and its estimation is not possible. Due to this fact,
the best option was to group the selected data in industrial
sectors and to apply this relation to the energy consumption
reported by the Chilean industries.

Scale and database used in the study

The IWH potential is estimated both at national and at
regional scale. ARCGIS 10.1 software was used to plot the
results at regional scale taking into account the 16 regions
in which Chile is divided (named using numerals except
for the metropolitan region, named MR). As reflected in
the national industrial survey (ENIA) database, 57% of the
industrial sites are located in the MR. Economic and geo-
graphical factors blocked the homogeneous development in
the country (Cidu 1972), so, the potential in the MR region
is expected to be substantial in comparison with the other
ones.

ENTA is the national database reporting the manufacture
industry energy consumption. The values reported in this
database were first validated by checking into the national
energy balance (BNE) database (Reportes BNE 2013),
which reports the annual flow of energy available and con-
sumed nationally. This survey identifies the production,
import, export, losses and/or variations in stock, and the
use given to each energy available including the industry
size, fuel price, and fuel amount.

The timeline considered in this study is an average of the
period 2008-2011. This period was selected because it has
the largest data coverage and the possibility of validation of
the data. The average energy consumption in Chile in the
period 2008-2011 is 163.9 PJ. Among these, the five most
energy consuming sectors in Chile during this period (rep-
resenting an average of 87.7% of the total energy consump-
tion) are food and beverages (sector 15), paper (sector 21),

Fig.2 Influence of the most

energy consuming industrial
sectors in Chile in the period
2008-2011

* @ Springer

chemicals (sector 24), non-metallic minerals (sector 26), and
basic metals (sector 27) (Fig. 2).

As this database considers also the consumption of
fuel for transport uses, and according to previous studies
(Gremial et al. 2013), the consumption of petrol was not
considered as input energy.

According to these assumptions, the result of the ratios
adaptation for the Chilean industries is shown in Table 2.

The detail of the industrial and sub-industrial sectors is
shown in Appendix 1.

CO, equivalent savings

The three main greenhouse gases (carbon dioxide, meth-
ane, and nitrous oxide) were considered to calculate the CO,
equivalent savings of reusing the available IWH.

The energy mix distribution and the energy consumption
in the energy-intensive sectors are shown in Table 3 and
Figs. 3 and 4.

The most important energy user turned out to be the pulp
and paper products sector with a cumulative demand of
169.4 PJ, followed by the food and beverage sector with an
energy consumption of 153.7 PJ. Other significant energy
users include the base metals, chemicals, and non-metallic
minerals sectors.

The average consumption of the manufacturing sector
was 170.8 PJ, resulting in 2010 as the least consumer with
a total of 140.4 PJ and 2011 as the most intensive with a
consumption of 195.4 PJ.

Results and discussion
IWH estimation

According to the previous studies, the energy generation for
each industrial sector selected along with the year of study
is shown in Fig. 5.

According to Fig. 5, the sectors with the highest poten-
tial for the use of residual heat were, in order of relevance:

| 15 - Manufacture of food products
and beverages

M 21 - Manufacture of paper and paper
products

M 24 - Manufacture of chemicals and
chemical products

MW 26 - Manufacture of other non-
metallic mineral products

W 27 - Manufacture of basic metals

m Others
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Table 2 Ratios adaptation for Industrial Details RATIOS
Chilean industries classification
Fuel Fuel + Electricity
Theoretical Technical Theoretical Technical
Min Max Min Max Min Max Min Max
15 1500 0.067 0.11 - - 0.09 0.51 - 0.13
1511 - - - - - 0.5 - 0.17
1513 - - - - 0.08 0.18 - -
1514 - - - - - 0.43 - 0.14
1520 - - - - - 0.57 - 0.14
153 - - - - - 0.4 - -
1532 - - - - 0.4 0.54 - 0.14
1541 - - - - 0.6 0.12 - -
1542 0.05 0.40 0.025 0.185 0.36 0.55 0.14 0.17
1549 - - - - - 0.5 - 0.13
1551 0.05 0.10 0.025 0.05 - - - -
1553 0.05 0.10 0.025 0.05 - - - -
17 1700 - 0.28 - - - 0.17 - -
1711 - - - - 0.03 0.45 - -
20 200 - - - - 0.07 0.48 - 0.14
201 2010 - - - - - 0.01 - -
202 - - - - - 0.13 - -
21 21 0.09 0.25 - 0.224 0.7 0.48 0.14 0.22
210 0.02 0.038 - - 0.01 0.06 0.06 0.37
2102 - - - - 0.07 0.42 - -
2109 - - - - 0.07 0.11 - -
22 22 0.03 0.22 - - - - - -
23 23 - 04 - 0.16 0.12 0.34 - 0.13
231 0.05 0.1 0.025 0.05 - - - -
232 2320 0.25 0.5 0.28 0.51 0.28 0.5 0.15 0.63
24 24 0.14 0.4 - 0.16 0.12 0.37 0.03 0.13
2412410 - 0.09 - - - 0.13 0.08 0.13
2411 - - - - 0.02 0.5 - 0.05
2412 0.05 0.43 0.03 0.2 0.05 0.41 0.05 043
2413 - - - - 0.02 0.36 - -
2422 - - - - 0.03 0.36 - -
2423 - - - - - 0.15 - -
2429 - - - - 0.03 0.04 - -
243 2430 - - - - 0.04 0.45 - -
25 25 0.12 0.25 - - - - - 0.03
2511 - - - - - 0.17 - -
2519 - - - - - 0.17 - -
252 2520 - - - - 0.29 0.38 - -
26 26 0.04 0.46 - 0.23 0.21 0.38 - 0.19
2612610 0.1 0.34 0.05 0.23 0.17 0.35 0.3 0.75
2692 0.05 0.1 0.03 0.05 - 0.02 - 0.03
2694 0.1 0.49 0.05 0.26 0.02 0.52 0.18 0.61
2696 0.1 0.2 0.05 0.1 - - - 0.4
2699 - - - - 0.2 0.35 - -

@ Springer
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Table 2 (continued)

Industrial Details RATIOS
classification .
Fuel Fuel + Electricity
Theoretical Technical Theoretical Technical
Min Max Min Max Min Max Min Max
27 27 0.16 0.19 - - - 0.14 0.3
2712710 0.20 0.5 0.06 0.28 0.23 0.45 0.15 0.5
272 2720 0.05 0.1 0.03 0.05 0.01 0.32 0.08 0.68
273 - 0.44 - 0.33 - - - -
2731 - 0.20 - - - - - -
29 - 0.04 0.2 - - - 0.29 - 0.03
32 - 0.2 - - - - - -
34 34 0.07 0.2 - - - - - 0.03
341 3410 - - - - - 0.5 - -
35 - - 0.07 - - - - - 0.03
36 - 0.08 0.33 - - - - - -
37 - - 0.33 - - - - - -
Table 3 Energy mix per sector Sectors Energy (%)
average 2008-2011
Electricity Coal Oil Diesel LPG* Natural Gas Wood
15 18 9 37 15 3 6 12
21 9 1 28 3 1 4 54
24 18 9 37 15 3 6 12
26 13 5 33 9 2 5 33
27 15 6 34 11 2 5 26

*LPG—liquefied petroleum gas

Others
1%

Natural gas
7%

Fig.3 Average energy mix during 2008-2011

Electricity
30%

Coal

food and beverages (sector 15) with an average accumulated
potential of 62.9 PJ, basic metals (sector 27) with 21.5 PJ,
chemical products (sector 24) with 15.1 PJ, paper products

* @ Springer

(sector 21) with 10.8 PJ and non-metallic minerals (sector
26) with 10.6 PJ. The rest of the sectors had an average
accumulated potential of 9.5 PJ.

Table 4 shows the percentage of residual heat with respect
to the total energy consumption reported by the ENIA. It
was calculated considering the total estimated residual heat
recovery potential for the industrial sector after the evalua-
tion of the maximum theoretical ratios found (35-55 PJ) and
the minimum theoretical ratios (16-29 PJ).

The lower value will be related with a pessimistic sce-
nario while the higher ratio will represent an optimistic sce-
nario in which the maximum of IWH could be recovered.

A representativeness averaged of 28.4% considering the
maximum theoretical ratios and 12.2%, considering the min-
imum theoretical ratios, was obtained. The potential waste
recovery percentage depends on the industrial operation
temperatures and the higher theoretical waste heat recov-
ery potentials mean greater potential for savings through
the application of energy efficiency measurements. Table 5
shows the recovery percentage on the main industrial sectors
analysed compared with the operation temperature range.
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Table 4 IWH percentage related to global energy consumption

Year 2008 2009 2010 2011

Max. Ratios (%) 30.87 29.31 28.03 2547
Max. Waste heat (PJ) 54.57 46.52 34.96 49.78
Min. Ratios (%) 9.19 9.86 14.97 14.61
Min. Waste heat (PJ) 16.25 15.64 18.67 28.54

Table 5 Waste recovery percentage for industrial sectors depending
on temperature range

Sector <100°C (%) 100- >300 °C (%)
300 °C
(%)

Food and beverages (15) 56 44

Paper (21) 25 67 8

Chemicals (24) 22 30 48

Non-metallic minerals (26) 7 5 88

Basic metals (27) 3 93

Other 50 35 15

2009 2010 201

Depending the working temperatures, the main recovery
technologies are focus on heat pumps, heat exchangers, or
direct heat condensers.

Regarding the Chilean regional potential, the highest
potential is found in the region MR (where the capital
Santiago de Chile is located) and in region 8 (where Con-
cepcion is found). IWH distributions for Chilean regions
are shown in Fig. 6.

With a total heat recovery potential of 49.8 PJ for the
country in 2011, it was evidenced that the highest concen-
tration is located in the so-called central macro-region,
where the cities of Santiago (in the metropolitan region)
and Concepcién (in region 8) are located. The regions of
Valparaiso (5) and Los Lagos (10) have also an important
but lesser impact.

In Fig. 7a, the distribution of the food and beverage
sector in 2011 was represented. This sector could be con-
sidered an industry oriented to local or regional markets
because its products are of short duration in an adequate
physical state, and they force the corresponding industrial

* @ Springer
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Fig.6 IWH potential distribu- 15
tion for Chilean regions during
2011

Industrial waste heat
potential (P)/year)

=00 -04
m04-13
013-26
mm26-38
m 38 - 145

mm 0,00 - 0.08
mm O0.08 - 0.59
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- 4.86 . 7.30

= 0.00 - 0,01
= 0.01 - 013
= 0.13 - 0.37
= 0.37 - 1.20
- 1.20-178

A) B)

ions
Arica y Parinacota (15)
Tarapaca (1)
Antofagasta (2)
Atacama (3)
Coquimbo (4)
Valparaiso (5)
Metropolitan (MR)
O’Higgins (6)
Maule (7)
Biobio (8)
Los Rios (9)
Los Lagos (10)
Aysén (11)
Magallanes and Antartic Region
(12)

= 0.00

mm 0.00 - 0.03
£ 0.03 - 0.82
- 0.82 - 149
- 1.49- 312

C)

Fig. 7 Distribution of residual heat potential by region for the year 2011. (a) Sector- food and beverages, (b) Sector- paper products, (¢) Sector-

chemical products
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plants to be located close to the largest urban cities
(Gomez 1974).

The regions with the greatest potential for waste heat
recovery were consistent with the previous approach, the
Bio-bio region (region 8) being the most significant. This
result was very interesting considering the difference in
industrial establishments between region 8 and region MR.

The food and beverage sector reported the highest poten-
tial for utilisation among the intensive sectors.

In the paper products sector (Fig. 7b), companies are
geographically oriented to natural resources, because trans-
portation costs in relation to the movement of inputs and/
or products have a dominant influence. The pulp and paper
products industry requires a large amount of water and an
adequate transportation network, so the main centres are
located near the big cities.

Figure 7c shows that regions 12 and 8 were those with the
greatest potential for recovering residual heat for the chemi-
cal products sector.

In Fig. 8a, the regions that had the highest potential for
recovery of residual heat for the non-metallic minerals sector
were the region MR and region 5.

Fig. 8 Distribution of residual
heat potential by region for the
year 2011. a Sector- non-metal-
lic minerals, b Sector- basic
metals

mm 0,.00- 0,02

A)

Figure 8b shows that the region with the highest indus-
trial waste heat recovery potential was the MR. In addition
to copper as a resource, among the metallic minerals there
is molybdenum, gold, silver, iron, manganese, lead, and
zinc, which are found in different types of deposits located
in different regions of the national territory.

Although from this study it was concluded that most of
the companies in the sector are located between the MR,
regions 8 and 5, as it was evidenced in Fig. 7, the existing
resources are located fundamentally in the intermediate
depression of the regions, from Tarapaca (region 1) and
Antofagasta (region 2), containing essentially nitrates,
iodine, and sodium sulphate.

The most intensive subsectors in energy consumption
and potential for residual heat were Manufacture of glass
and glass products (sector 261) and Manufacture of con-
crete, cement and plaster articles (sector 2695), represent-
ing more than 50% of total energy consumption.

mm 0.00

am 0.00. 0.0
- 0.01- 0.24
mm 0.34. 173

.13
.23
0.57
241

B)
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CO, equivalent savings

Figure 9 shows the results obtained in the greenhouse gases
reduction calculation for the 2008-2011 period, consider-
ing the maximum and minimum theoretical residual heat
potentials calculated.

For the most optimistic scenario (considering max ratios)
the average value of emissions was 4997 kTn of CO, eq/
year, while for the most pessimistic scenario the value was
2090 kTn of CO, eq/year. On average, the percentage of
participation of primary emissions was 56% vs 44% of sec-
ondary emissions.

Conclusion

Industrial waste heat estimations for the manufacture indus-
try in Chile were studied comprehensively. Nevertheless,
some difficulties were found in relation to both the method-
ology and the database used.

In order to reduce the uncertainties of the analysis, some
assumptions were taken (along with the transfer of key fig-
ures), like industrial sectors characteristics, use of industrial
processes, efficiencies, and year of the data are similar to
both the original scope and the target scope of the analysis.

The sectors with the highest potential for the use of resid-
ual heat were, in order of relevance, food and beverages with
an average accumulated potential of 62.9 PJ, basic metals
with 21.5 PJ, chemical products with 15.1 PJ, paper prod-
ucts with 10.8 PJ, and non-metallic minerals with 10.6 PJ.
The rest of the sectors had an average accumulated potential
of 9.5 PI. The heat recovery potential was not in all cases
directly proportional to the total energy use for the sector.
After analysing the ratios presented, it can be concluded that

Fig.9 Reduction in CO,
equivalent emissions in Chilean
manufacturing industries due to
the use of residual heat

kTn CO,/year

7000
6000 -
5000
4000
3000
2000 -

1000

7
<N

> 4

@ Springer

some of the sectors with relatively low total heat utilisation
appear to have significant potential for improvement.

Due to the current context of reductions in CO, emissions
and protection of the environment established as a policy
by international organisations, companies should aim to try
to reduce their primary emissions to a minimum; however,
their trend for Chile is increasing and a clearer regulation
must be performed to obtain a more effective industry in
the country.

Appendix 1
Chilean manufacturing industry

15-Manufacture of food products and beverages.

151-Production, processing and preservation of meat,
fish, fruits, legumes, vegetables and oils.

152-Manufacture of dairy products.

153-Manufacture of milling products, starches and prod-
ucts derived from starch, and prepared animal feed.

154-Manufacture of other food products.

155-Manufacture of beverages.

16-Manufacture of tobacco products.

17-Manufacture of textile products.

18-Manufacture of clothing; marinade and dyeing of
skins.

19-Tanning and dressing of leather; manufacture of suit-
cases, handbags, saddlery and footwear.

20-Manufacture of products of wood and cork, except
furniture; manufacture of articles of straw and plaiting
materials.

21-Manufacture of paper products.

210-Manufacture of paper

2101-Manufacture of wood pulp, paper and cardboard.

[l Max. Values per year
[ Min. Values per year
Fosil fuel emmisions

&

-
\\

2010 2011

Year
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2102-Manufacture of corrugated paper and cardboard
packaging.

2109-Manufacture of other articles of paper and
cardboard.

22-Publishing and printing activities and reproduction of
recordings.

23-Manufacture of coke, petroleum refining products and
nuclear fuel.

24-Manufacture of chemical substances and products.

241-Manufacture of chemical substances

2411-Manufacture of basic chemicals, except fertilizers
and nitrogen compounds.

2412-Manufacture of fertilizers and nitrogen compounds.

2413-Manufacture of plastics in primary forms and syn-
thetic rubber.

242-Manufacture of other chemical compounds

2422-Manufacture of paints, varnishes and similar coat-
ing products, printing inks and putties.

2423-Manufacture of pharmaceuticals, medicinal chemi-
cals, and botanicals.

2424-Manufacture of soaps and detergents, cleaning and
polishing preparations, perfumes and toilet preparations.

2429-Manufacture of other basic compounds.

243-Manufacture of fibres.

25-Manufacture of rubber and plastic products.

26-Manufacture of other non-metallic mineral products.

261-Manufacture of glass products.

269-Manufacture of non-metallic minerals

2691-Manufacture of non-refractory ceramic products for
non-structural use.

2692-Manufacture of refractory ceramic products.

2693-Manufacture of non-refractory ceramic and clay
products for structural use.

2694-Manufacture of cement, lime and plaster.

2695-Manufacture of articles of concrete, cement and
plaster.

2696-Cutting, shaping and finishing of stone.

2699-Manufacture of others non-metallic minerals.

27-Manufacture of basic metals.

271-Manufacture of iron and steel.

272-Manufacture of primary products of precious metals
and non-ferrous metals.

273-Metal slags

28-Manufacture of fabricated metal products, except
machinery and equipment.

29-Manufacture of machinery and equipment.

30-Manufacture of office, accounting and computer
machinery.

31-Manufacture of machinery and electrical appliances.

32-Manufacture of radio, television and communications
equipment and apparatus.

33-Manufacture of medical, optical and precision instru-
ments and watch manufacturing.

34-Manufacture of motor vehicles, trailers and
semi-trailers.

35-Manufacture of other types of transport equipment.

36-Furniture manufacturing.

37-Recycling.
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