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UMIST - Pioneering Pinch Analysis

Department of Process Integration at UMIST 1990 — 2004
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Brno University of Technology

* Public university founded in 1899

 The second oldest and the largest technical university in the
Czech Republic

« 3,000 employees, ~23,000 students at 8 faculties.
« 26 study programmes are offered in a foreign language

* One of the current top priorities is to achieve a high quality of
research and development

- Cooperation with industry (e.g. Skoda Auto, IBM, ABB, CEZ,
Siemens, Zetor, ZDAS, Honeywell and many others)




NETME Centre
Faculty of Mechanical Engineering

e P Y N
4 * Founded in 2010

B * One of the two public centres focused on advanced

Wi mechanical engineering technologies, alongside the

N ..'hl‘ﬂijﬂhn Regional Technological Institute of the University of

West Bohemia, Pilsen.

« Supports horizontal mobility of research workers not

only among national and foreign R&D organisations
but also between BUT and the application sector

* The centre cooperates with leading universities and
companies. 40 % contracted research is from
international companies.




Description of Scientific Project

* Principal aim - to achieve unique and
practically applicable knowledge that would
contribute to increased efficiency of
process and energy industry

* Focused on minimising the greenhouse
gases, NOx, energy and water footprints
searching for a complex solution in the area of
energy savings.



Research Agenda

The 12 Main Objectives

1.

2.

A comprehensive state-of-the-art analysis in the
following areas and their combinations.

Extending and developing an advanced methodology for
Total Site and regional integration methodology for
thermal energy.

Extending the methodology for water and waste water
minimisation and water and energy minimisation.

Extending the methodology into power (electricity) Total
Site and Regional Integration.

Development of the methodology for further minimisation
of Greenhouse gas footprints (including the carbon
footprints).

Development of the methodology for minimisation of
Nitrogen footprints.



7.

10.

11.

12.

Research Agenda

Development of the methodology for minimisation of
Water footprints (specified as blue, green, and grey
footprints).

Study and suggestions for minimisation of virtual
footprints — including GHG, Nitrogen, and Water
footprints.

Study and suggestions for reduction of the
environmental impact of energy and water flows.

Extending and developing advanced procedures and
tools.

Resource (energy, water, etc.) improvement road-
mapping

Knowledge transfer and dissemination, with user
feedback.
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Invited Lectures (2018) P

 University of Miskolc, Hungary

« Economics University in Bratislava, Slovakia

 Faculty of Business Economics in Kosice, Slovakia

* National Chengchi University, Taipei, Taiwan China

» South China University of Technology, Guangzhou, China

* Politechnika Krakowska, Cracow, Poland
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Outline

. Sustainability
. Issues: Environmental Impact, Economic

Development, Societal Development
1. Resource demands and extraction
2. Emissions (gaseous), Effluents (liquid), Solid Waste

. Solutions proposed worldwide

Mapping inputs to outputs: the Big Picture
General strategy to follow

Process Integration: leading the way for 4
decades
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What is sustainability?

Dictionary definition

© sustainabillity

/sasterna bilzti/

noun

the ability to be maintained at a certain rate or level.
"the sustainability of economic growth"

« avoidance of the depletion of natural resources in order to maintain an ecological balance.
“the pursuit of global environmental sustainability”

In the context of human society
Sustainability

REVIEWED BY MITCHELL GRANT AND WILL KENTON | Updated May 23, 2019

What Is Sustainability?

Sustainability focuses on meeting the needs of the present without compromising
the ability of future generations to meet their needs. The concept of sustainability
is composed of three pillars: economic, environmental, and social—also known

informally as profits, planet, and people.

https://www.investopedia.com/terms/s/sustainability.asp

Footprint Assessment Tools for Optimising the Performance of Industrial and Business Processes, Taiwan, ROC, July 2019

43



S

Why sustainability? =

-

World energy consumption by fuel
quadrillion Btu

250 history ' projections liquids
200

natural gas
180
100
—
50 --____,_—l-l—'-'_'- nucle
1 S —
O

|
| B Fossil Fuels
10 =
I B Non FF

Exajoules per Year Mrabss,

1700 1800

S §E8g88¢88¢88¢8¢§
§ 32888538888 2
~ A A A A @~ A ~ ~ M N ™

1900 2000

Footprint Assessment Tools for Optimising the Performance of Industrial and Business Processes, Taiwan, ROC, July 2019 44



Predictions for the future V2
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Total final energy use (2010) <~

Tlutal Final Energy Use Out of

Total Renewable Energy Use

& Oil
' & Traditional Biomass
4 Renewables
- Natural Gas “ Biofuels
“Coal ® Wind/solar/biomass/
“Nuclear geothermal power
generation
& Hydropower

“ Biomass/solar/
geothermal hot
water heating

World energy consumption by

fuel type in 2010 Renewable energy consumption
by fuel type in 2010
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Planetary boundaries &L

Cucek L., Klemes J. J., Kravanja Z., 2014, Overview of Environmental Footprints, In: J. J. Kleme$ (editor), Assessing and
Measuring Environmental Impacts in Engineering: Chapter 5, Elsevier
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How to measure Economy? &£~

Simple

2y 2l

In one word: money
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How to measure Environment?

Not simple

In several words: number of Earths (ecological footprint)

CO, emissions (carbon footprint)
CO2-eq emissions (global warming potential)

biodiversity (biodiversity footprint)
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How to measure Society? &~

Very difficult (therefore mostly not considered)

population

illustrations of.com #1209606

How to put social sustainability in a number?
Mostly qualitative
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:

-

Issues:
Environmental Impact, Economic
Development, Societal Development

Two main categories of issues:
1. Energy flow related: energy supply, GHG, climate

2. Material flow related: resource extraction and depletion;
urban and eco-system pollution
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Energy flow related issues
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Global Energy Consumption &£

by Sector (Year 2015)
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Fan, Y.V, Varbanoy, P. S., Klemes, J. J., Nemet, A. (2017). Process efficiency optimisation and integration for cleaner production.
Journal of Cleaner Production, 174, 177-183.
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Virtual GHGs Emissions Flows &£
In the International Trade

1. China to US (Quéré et al, 2014) ' {¥
2. China to EU ( Carbon Trust, 2011) 3. China to Rest of Asia (Carbon Trust, 2011) 4. Rest of Asia to EU (Peters et al, 2012)
5. Russian Federation to EU (Peters et al, 2012) 6. China to Japan (Carbon Trust, 2011) 7. Africa to EU (Peters et al, 2012)

9. Canada to EU (Petar et al, 2012) 8. US to EU (Peters et al, 2012) 10. EU to US (Petar et al, 2012)

Liu, X., Kleme$, J. J., Varbanoy, P. S., Cugek, L., Qian, Y. (2017). Virtual carbon and water flows embodied in international trade: a
review on consumption-based analysis. Journal of Cleaner Production, 146, 20-28.
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Large Scale Energy Generation

Fossil fuels Renewables
« Coal e Solar—- PV and
— Anthracite (hardest, more Thermal
Carbon, higher energy « Hydro power
content) « Wind
— Bituminous « Waves (Tidal)
— Lignite (low in Carbon « Biomass
high in Hydrogen and * etc.
Oxygen content)
* Crude Qil

 Natural Gas
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Energy demand trends

World Energy Consumption by Energy Source, 1970-2040

world energy consumption by fuel
quadrillion Btu

250 History 2010 Projections
28%
27%
200 Liquids 34% 23%
(including biofuels) Share of
world total

150

100
Renewables

(excluding biofuels)

7%
/'m/
0

1990 1995 2000 2005 2010 2015 2020 2025 2030 2035 2040

50

5%

Source: EIA, International Energy Outlook 2013

International Energy Outlook 2013,
www.eia.gov/pressroom/presentations/sieminski_07252013.pdf

Footprint Assessment Tools for Optimising the Performance of Industrial and Business Processes, Taiwan, ROC, July 2019 57



World crude oil production trends &2

North Sea Brent crude oil spot prices in World tight oil production in the
three cases, 1990-2040 (2012 dollars Reference case, 2010 and 2040 (million
per barrel) barrels per day)
250 History 2012 Projections United States
Canada 2010
200 High Oil Price 2040
Mexico .
150 .
W Russia
I
100 o
N t/ Argentina I
Low Oil Price |
50 \J\/\_/ China i
Rest of world —
O I ¥ T T T 1
1990 2000 2010 2020 2030 2040

o
-
[
[}
I

International Energy Outlook 2014,
www.eia.gov/forecasts/ieo/pdf/0484(2014).pdf
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Environmental Impact .

World CO, Emissions by Fossil Fuel, 1990 - 2040

Figure 141. World energy-related carbon dioxide emissions
by fuel type, 1990-2040

wHer ””Et”“”h”:m - * |n the foreseeable future
25 h we still have to use
N considerable amount of
/ fossil fuels
15 e * This means release of
j// large quantity of CO,
M - Vicious circle of CO,

B emissions is speeding

up the climate change

10

U I T T T 1
1890 2000 2010 2020 2030 2040

eia)

International Energy Outlook 2013
www.eia.gov/forecasts/ieo/emissions.cfm
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(Developed from “Olivier, J.G.J., Schure, K.M., Peters, J.A.H.W., 2017. Trends in global CO, and total greenhouse gas emissions.

Global GHG Emissions <>

GHG Emissions (GtCOz -eq/y)

60
(2016)
---0.7% --- 100%
7.3%
2.8%
1.4%
4.2%
3% 80%
7.7%
5.6%
e 60%
N 21%
------------ 40%
------------ 20%
0%
1990 1995 2000 2005 2010 2015 2020

Land Use, Land-Use Change
and Forestry (LULUCF)

Forest and peat fires
(N,0and CH,)

Land-use change emissions
(CO,)

Total emissions, excluding
LULUCF

F-gases — Total

N,O - Energy indirect/waste
N,O - Industrial processes
N,O - Agriculture

CHQ - Waste and other

CHQ - Agriculture

CHq - Energy

CO, - Other (non-energy)

COz - International
transport

CO, - Energy

Summary of the 2017 Report. PBL Netherlands Environmental Assessment Agency. The Hague, Netherlands.”)
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Climate &L

Solar radiation powers
the climate system.

Some solar radiation
is reflected by
the Earth and the
atmosphere.

About half the solar radiation
is absorbed by the

Earth's surface and warms it. Infrared radiation is
emitted from the Earth's

surface.

Source: IPCC Working Group |  http://www.ipcc.ch/
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Staying Below 2 °C of Global Warming

Conventional
Mitigation
Techniques

LR X

= Remaining Emissions
= Carbon Removal
m Emissions Approaches
,, *®
Source: Adapted from UNEP 2016. 200
For more information, visit wriorg/carbonremaval. %% WORLD RESOURCES INSTITUTE

The need to pursue both aggressive emissions reductions and significant
deployment of GHG removal/ sequestration

<www.wri.org/our-work/project/carbon-removal> accessed 13 September 2018
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7 P &/
The Carbon Emissions Cycle =>=*
Fossil fuel combustion and deforestation or
other land use changes emits CO,
B ol Atmosphere
Fossil Fuel Combustion Vegetation & Land Use Ocean Exchange
1 O o
Other activities Decomposition emits CO,
R ARRA ™o
= P ‘
Plants absorb CO,
Source: Adapted from LLS. DOE NETL 2018D. P hYtO P lankton
absorb CO,

Mulligan J, Ellison G, Levin K and McCormick C, 2018. Technological carbon removal in the United States. Working Paper.
Washington, DC: World Resources Institute. <www.wri.org/publication/tech-carbon-removal-usa>.
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{

The general picture

CO,
from renewables

1. Maximise the efficiency of conversion and use

2. Maximise the supply from renewables
3. CCU/CCS
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Energy conversion
processes

> Power + Heat >

CO

2

Sequestration

< Sunlight




Material flow related issues
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Global Water Demand Y/~

8000

7000

6000

5000

4000

Billionm?

3000

2000

1000

Global water demand gap between 2010 and 2030

Provided by

2T ead ® Domestic
Desalination 1500
Industry
Ceoo
Agriculture
800
4500
3100

Water demand Future water
(2010) demand (2030)

Chandrashekara, M., Yadav, A. (2017). Water desalination system using solar heat: a review. Renewable and Sustainable
Energy Reviews, 67, 1308-1330.12
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Air pollution has been a big threat to

Climate Health

Plants Living
.“f du; g =l o
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— o

Sources and Types of A|r-PoIIutants

Sea spray
® @

— o oy,

1
|
|
|
l
|
|
|
!

Volcano / Geothermy

_________ Stationary < 1—

Air pollutants

E[ea\;y Metals pM 3 G as

Ethylene

Dust

Toxic Substance

Primary Secondary

UV / Moisture / Other chemical reaction

L 2

Smog (Western Smog):
* Sulphurous Smog — London Type: SO,. Stagnant Air
* Photochemical Smog — Los Angeles Type: NO,, O;, UV

Haze: PM, Dust. Smoke, Complex mixture of air pollutants Heavy Metals, SO,, NO,, Toxic Substance, etc.
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Sources & Types of Air-Pollutants

0,
Contributors of Main
90%
air-pollutants in EU
80%
70%
(NMVOC: 60%
non-methane volatile 50%
organic compounds)
40%
30%
(European Environment Agency .,
2017)
10%
0%
co NMVOC PM10 PM2.5 SOx
W Other 0.12 0.6 0.08 0.1 0.16 0.28 0.06
B Waste 2.47 1.81 1.42 0.53 2.09 3.91 0.08
m Agriculture 0.71 14.74 4.62 10.47 4.03 0.01
| ® Industrial processes and product use | 11.26 1.39 2.57 9.95 4.59
| m Commercial, institutional and households | |47.74 | 0.82 15.93 13.93 [ 35.41 | [57.36 | 13.54
[ Road transport | [2029] 121 9.11 7.99 11.33 0.13
B Non-road transport 1.8 0 1.05 7.48 1.24 2.06 1.47
B Energy use in industry 12.43 0.16 2.2 12 5.65 6.5
| B Energy production and distribution | 3.17 0.13 8.68 4,51 4.58
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Emissions of
different sector

groups in EU.

(European Environment Agency, 2017)

Sources and Types of Air-Pollutants

Energy production and distribution
3% 0.13%

20.43%

\1—42’/-

4.49%

Industrial processes and productuse

mCO

= NH3

B NMVOC
NOx

® PM10

m PM2.5

m SOx

421%

e %

2.36%

1.27%

Road transport

0.15%

Y

43.11%

Energy use

é

Agriculture
0.01% _ ___3.14% _0.55%

3.60%

o\

Commercial, institutional and households

7.33%

D

in industry

027%
_— EREC

20.35%

Non-road transport

0.00%

o

49.54%

Waste

0.65%

4.31%

Other

4.29%

2 ¢

71.54% 7.14%

5.71%
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Plastic Pollution /S
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Concentration of Plastic &
Debris in Surface Waters
of the Global Ocean

100 ' 50 W H HrE " E BIFE

<wedocs.unep.org/bitstream/handle/20.500.11822/9672/-Global_Waste Management_Outlook-
2015Global_Waste _Management_Outlook.pdf.pdf?sequence=3&amp%3BisAllowed=> accessed 6 March 2019
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- Plastic waste imports into China. In 2016 alone,
.=~ about half of all plastic waste intended for recycling
2; (14.1 Mt) was exported by 123 countries, with China
=~ . taking most of it (7.35 Mt) from 43 different countries

37
-

Legend
Sources of Chinese Cumulative exports
imports (MT) (MT)

10,000 and less | | 0.5 Mallion o less

10,0006 50,000 [ 05 Million ta 2 Million
s 50,000 o 10:0.000 -ﬂmumtﬁ:}ullm

s 100,000 to 500,000 [ 5 Miton ta 10 Mition

e Jmm— 500,000 and greater B 1o mition ana greater

WL

Brooks, A. L., Wang, S., Jambeck, J. R. (2018). The Chinese import ban and its impact on global plastic waste

trade. Science Advances, 4(6), eaat0131.
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The New Dumping Ground-&7

Southeast Asia

To Philippines

Plastic problem in South Korea is a literal trash fire <cnn.it/2ExkhY8> accessed 6 March 2019



The Waste Issues

:

« Europe has been long time proud on being an environmental leader — a
champion of “the circular economy”

« Green success has relied on exporting its trash elsewhere (e.g. Ireland)

« China ban on “Foreign garbage”, boost the flow of waste to other Asian
Paper Scrap (2017)

countries pjastic Waste (2017)

Jan FEBE MAR APR MAY JUN JUL AUG SEP QCT HNOW

*In descending order, these countries are Switzerland,

Thailand, Taiwan, United States, Pakistan, Indonesia,
Bosnia and Herzegovina, Ukraine and Serbia.

. 4337
874
et ket

{pﬂ“ﬂ‘ﬁfa
\eY
o e

k‘ﬁtn
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JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV
*In descending order, these countries are Switzerland, Thailand,
South Korea, Norway, Ukraine, others, Malaysia, Serbia,
Singapore and Pakistan.

<www.politico.eu/article/europe-recycling-china-trash-ban-forces-europe-to-confront-its-waste-problem/>
accessed 6.03.2019



PLASTIC
PELLETYS

31"

SYNTHITIC

NUSEEN

::‘EI'IEEL TN SR LS Y
TEXTHI MICHOPLASTICS
SYNTHETIC

HEBEMS .
lall FEOM LDST

FISHING KTTS

20 FROM INLAND
Mtfy - RATRAAAARCED
WASTE

FRCus COIATTR]
RIS MANATED
WASTE

<journals.openedition.org/factsreports/5319#tocto2n3> accessed 25.06.2019
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Plastic Recycling

Plastic waste residing in landfills = harmful to the environment + missed
economic opportunities.

Contamination

Pre-sorting = costly, time intensive, energy intensive, often leads to low-quality
polymers

Mechanical recycling (washing, shredding, melting, and remoulding of the
polymer, blended with virgin plastic of the same type to produce a material
with suitable properties) = widely adopted

Cannot be applied to all polymeric materials (different chemical structures)

Limitations = each plastic type responds differently depend on chemical
makeup, mechanical behaviour, and thermal properties.

Others = pyrolysis (thermolysis), the use of catalysts (chemical recycling).
Chemical recycling = costly.

Incineration is convenient but no recovery and reuse, less energy saving as
recycling.

Garcia, J. M., Robertson, M. L., 2017. The future of plastics recycling. Science, 358(6365), 870-872.



:

* Not all plastic is recyclable up to 15 times

About Plastic and Recycling '

Just because it has the recycling sign doesn't
mean it actually gets recycled o

* Not all plastic is created equal S = 5 y
« Coffee cups can’t actually be recycled
There are two materials (thin PP film)

 Dirty plastic cannot be recycled

PLASTIC

* Recycling plastic downgrades its quality A

L

Recycle 2-3 times; each time recycled,
additional virgin material is added to help
“‘upgrade” the quality

National Geographic 2018. 7 Things you didn’t know about plastic (and recycling)
<blog.nationalgeographic.org/2018/04/04/7-things-you-didnt-know-about-plastic-and-recycling/> 16.02.2019



g

r-PET

« PET (Polyethylene terephthalate) = highly recyclable plastic
* Washed and re-melted into plasma

« Hardly to collect clean and high quality plastic (few re-enter the cycle as food
grade)

» Decreases amount of plastic waste

« Decreases resource extraction

« Decreases energy consumption (use 75 % less energy compare to virgin product)
« Consumes water

« Microfibers/microplastics - water pollution

Reuse and recycle is the solution after waste prevention

<earthhero.com/whats-the-deal-with-rpet/> accessed 6.03.2019



Global Releases of Primary
Microplastics and Plastic Waste
into the World Ocean

Comparison with plastics originating from mismanaged wastes

ELIROPE AND
(me
ASLA

AFRICA AN D
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PLASTIC =3
L cH
[ -

PRIMARY
. MICROPLASTICS
HTﬂHS-f'I’ER

Boucher J., Billard G., 2019. The challenges of measuring plastic pollution, Field Actions Science Reports,
Special Issue 19, 68-75.




£

\

<

Plastic Footprint Framework

CIRCULARITY MATERIALITY

Plastic Plastic Plastic Plastic
PRODUCTION CONVERSION LISE WASTE
(D) PRIMARY MICROPLASTICS (UNINTENTIONAL) (€) COSMETICS (B) FISHING NETS () SINGLE-USE PLASTICS

LOSS

RELEASE1

RELEASE 2
(the leakage)

Quantification & clasification of flows wg» INVENTORY

Fate (biodegradability) mmge PLASTIC FOOTPRINT

Full Fate meejp EXposure meepp Effect =—po IMPACTS (LCA)

Boucher J., Billard G., 2019. The challenges of measuring plastic pollution, Field Actions Science Reports,
Special Issue 19, 68-75.
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Replace Plastic?

* Not completely banned
* Minimise the plastic usage, reuse, recycling

« Make sure the replacement (e.g. by paper) is
sustainable (in term of cost, durability and
environmental impacts, LCA and comparison)




q

Plastic bag?
Paper bag? Recycle bag?

Studies of bags’ environmental impacts over their life cycle have
reached widely varying conclusions

Contradiction

« Paper bags have a higher GHG footprint than plastic. More
energy (emissions) is required to produce and transport paper
bags.

« Any replacement for plastic shopping bags, each have their
own environmental impacts.

 This includes material use, water and energy consumption,
marine impacts, GHG emissions and litter.

- Additional research, assessment and scoping is required
before a final determination can be made on the feasibility of
any option.

4



Plastic bag?
Paper bag”? Recycle bag?

Number of reuses

required for life

cycle equivalence
with a HDPE bag

Paper
LDPE
Non-woven 11

polypropylene
Cotton 131

Consumption

122444

124424

The durability and impacts of different bag type (NSW EPA, 2016)
NA = information not available. ¢ is the rating from 1 to 5

HDPE = High-density polyethylene
LDPE = Low-density polyethylene

Material

122424

:

Litter
marine

impacts

*" L4

* 124424

Fan, Y.V, Lee, C. T.,Lim, J. S., Klemes, J. J., Le, P. T. K., 2019. Cross-disciplinary approaches towards smart,
resilient and sustainable circular economy. Journal of Cleaner Production, 232, 1482-1491.

NSW EPA, 2016. Plastic shopping bags: Practical actions for plastic shopping bags <www.epa.nsw.gov.au/
~/media/EPA/Corporate%20Site/resources/waste/160143-plastic-shopping-bags-options.ashx>



Solutions proposed worldwide
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Overview of
Circular Economy

Mining &
Materials Manufacturing

Farming &
Collection'

Biological , i Technical
Materials Blgchesnical Materials
Feedstock
Recycle
Soil ’ Gitsphere
Restoration
Refurbish ¢
Remanufacture

Anaerobic Digestion
& Composting’

Extraction of
Biochemical
Feedstock®

Leakage

<aspenpartnerships.com/what-is-the-circular-economy/> accessed 20/3/2018
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Market Drivers

* Win-win situation, create value

* Risk management (raw material
shortage, disruption in the supply chain,
accumulation of contaminants)

* Environmental efficiency

* Innovation and brand image

Footprint Assessment Tools for Optimising the Performance of Industrial and Business Processes, Taiwan, ROC, July 2019
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By ) £ Ry close the loop to
S U L achieve circularity
S Ve > Waste/Effluent
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» Emission mitigation,

\
| Treatment
|
i S E R E 2 Y sequestration/captu red

EXTRACTION AND IMPORT OF NATURAL MCINELATION LANDFILL
RESOURCES, INCLUDING ENERGY CARRIERS

Source of picture: <www.europarl.europa.eu/RegData/etudes/STUD/2017/581913/EPRS_STU%282017%29581913_EN.pdf>
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Challenges in CE
 Thermodynamic limits
- Cyclical systems consume resources and create wastes and
emissions
« System boundary limits
- Spatial: problems are shifted along the product life cycle
- Temporal: short term non-renewables use can build long-term
renewable infrastructure

 Limits posed by physical scale of the economy
- Rebound effect, Jevon's paradox, boomerang effect

 Limits posed by path-dependency and lock-in
- First technologies retain their market position despite of in-
efficiency

Korhonen, J., Honkasalo, A., Seppala, J. (2018). Circular economy: the concept and its limitations. Ecological economics, 143, 37-46.
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Challenges in CE :

 Limits of governance and management
- Intra-organizational and intra-sectoral management of inter-
organizational and inter-sectoral physical flows of materials and
energy

 Limits of social and cultural definitions
- The concept of waste has a strong influence on its handling,
management and utilization
- The concept is culturally and socially constructed
- The concept of waste is always constructed in a certain
cultural, social and temporal context and this context is dynamic
and changing

Korhonen, J., Honkasalo, A., Seppala, J. (2018). Circular economy: the concept and its limitations. Ecological economics, 143, 37-46.
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.

Renewable Energy
and Efficiency

ANAEROEIC RECYGLED COAL MINE
DIGESTION ENERGY METHANE*® PYROLYSIS® HYDROPOWER*"
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Energy Storage

* 100MWh lithium ion battery
« Stores huge amounts of energy from renewable sources and funnels it out
to the grid when usage is high

- g i ppr—— .-"_-—-__1.',--.-.-_. €

ETi S i

<electrek.co/2018/05/11/tesla-giant-battery-australia-reduced-grid-service-cost/> accessed 19 May 2018.
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Energy storage 2

* Reduce the reliance on gas.

* Significant steps to take the place of fossil fuel
generation on the power grid

<www.utilitydive.com/news/storage-will-replace-3-california-gas-plants-as-pge-nabs-approval-for-worl/541870/>
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Current Progress

* 4 energy storage projects for Pacific Gas & Electric
(PG & E) approved

* World’s largest batteries (Lithium ion)
» Atotal of 567.5 MW/ 2,270 MWh of storage

* Including 300 MW/1,200 MWh (Vistra Energy),
182.5 MW/730 MWh (Tesla)

» Storage at this scale is likely now cheaper than
the total cost to run the gas plants

<www.utilitydive.com/news/storage-will-replace-3-california-gas-plants-as-pge-nabs-approval-for-worl/541870/> accessed 31.11.2018
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Airborne Wind Technology &%

e Test 2 MW in Ireland

<www.eon.com/en/media/news/press-releases/2017/4/11/eon-develops-a-demonstration-site-for-airborne-wind-technology-in-
ireland.html> accessed 12 April 2018
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World Largest Concentrated Solar Power
Plant Powered by the Saharan Sun

Project to generate 580 MW of electricity. Noor 1 has a generating capacity of 160 MW
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Parabolic Mirrors &S

-
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Truck for Maintenance- “

Wind Power

 Lubricants and greases are used in nearly all
the moving parts of a turbine

* One truck services and average of three
turbines in a day

T

MAIN GEARBOX &—

ExxonMobil. A very special truck <energyfactor.exxonmobil.com/science-technology/a-very-special-truck> accessed 8.7.2018
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New Technology — >
Expansion of RE

Pumped Storage Plan

* Coal mine — a giant
battery (200 MW pumped
hydro storage station)

» Stores excess solar and
wind energy

<www.miningweekly.com/topic/university-of-duisburg-essen> accessed 6.7.1018>
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Water Desalination System Using &
Solar Heat

Solar Collector

-

|||||
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Driven Pump

I ——« Distillate

A —4

Desalination
unit

l

—

Saline Water Tank

Solar Collector

Insulation

o
W\
52\ ~

Pump

Humidification and dehumidification desalination unit

coupled with solar collector

"ﬁBIack Liner

-1 e@suring Jar

\V,

Chandrashekara, M., Yaday, A. (2017). Water desalination system using solar heat: a review. Renewable and Sustainable

Energy Reviews, 67, 1308-1330.12
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Mapping inputs to outputs:
the Big Picture

General strategy to follow
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[ The US Energy 7

Estimated Energy Consumption in 2,457 Mtoe

Net electricity imports

Solar 63

13.41 . 60.6%
===
| w0 1
L--ﬂ

. 0050 Rejected
’ L Energy
= Residential 1,489.32

284.76

| S

116.68

s Commercial
219.49

76.86 |

142,63

Industrial
617.4

Biomass

Transportation

Units: Mt of oil equivalent

Lawrence Livermore National Laboratory and the Department of Energy (US)
<www.visualcapitalist.com/u-s-energy-consumption-one-giant-diagram/>accessed 16 May 2017

. N : . . 10
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ergy Use

.I-Iw'-—'

W Esecincity: 66,076
B Heat: 12,000

Forman, C., Muritala, |. K., Pardemann, R., Meyer, B. (2016). Estimating the global waste heat potential. Renewable and Sustainable
Energy Reviews, 57, 1568-1579.

Footprint Assessment Tools for Optimising the Performance of Industrial and Business Processes, Taiwan, ROC, July 2019 1o

3



Losses for Electricity
Conversion and Transmission

.
Paower

38 units anter Transmission

transmission lines  lino losses:
2 units

Energy
Cortaint
of coal:
100 units

<www.energyliteracy.com/?p=235>

34 units of heat [/ /|

2 units of
energy
in the light l %

Footprint Assessment Tools for Optimising the Performance of Industrial and Business Processes, Taiwan, ROC, July 2019

)

/
\



B~ WD

Strategy

. Any sensible strategy starts with demand

reduction!

. The reuse and recycling form a second tier
. Any energy recovery takes priority after that
. Remaining waste has to be absorbed,

deposited, diluted

RESULT:

The Waste Hierarchy
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Waste Management Hierarchy

MOST DESIRABLE
OPTION

1st Waste Prevention

&—; Minimize the amount
of waste produced

Use materials more
than once

Use materials to make
new products

Recover energy and metals
from waste

&— Safe disposal of waste to landfill
DISPOSAL
LEAST DESIRABLE

OPTION

Burdening (Processing) vs Unburdening effect (Avoided)

<www.usgbcwm.org/no-time-to-waste-waste-diversion-in-construction/>accessed 23 September 2018
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Process Integration:

Leading the way for 4 decades
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The First Steps — HEN synthesis
Pinch Analysis

Hohmann, E. C., 1971. Optimum networks for heat exchange. PhD thesis,
University of Southern California, LA, USA.

Linnhoff B., Flower J.R., 1978, Synthesis of heat exchanger networks: I. Systematic
generation of energy optimal networks. AIChE Journal, 24(4), 633—-642.

Umeda, T., Harada, T., Shiroko, K.A., 1979. Thermodynamic approach to the
synthesis of heat integration systems in chemical processes. Computers &
Chemical Engineering, 3(1-4), 273—-282.

Heuristic methods
Ponton, J W, Donaldson, R A B, 1974. A fast method for the synthesis of optimal
heat exchanger networks, Chem.Eng.Sci., 29, 2375-2377 (1974)

Mathematical programing

Papoulias, S.A., Grossmann, |.E.,1983. A structural optimization approach in
process synthesis-Il. Heat recovery networks, Comp.Chem.Eng., 7 (6), 707-721.
Yee, T.F., Grossmann, |.E.,1990, Optimization models for heat integration—II|. Heat
exchanger network synthesis. Comput.Chem.Eng. 14, 1165-1184
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<#5 The Roots of Pinch Analysis

 Hohmann, E. C. (1971). Optimum networks for
heat exchange. PhD thesis, University of
Southern California, Los Angeles, USA.

 Linnhoff, B. (1972) Thermodynamic analysis of
the cement burning process (Thermodynamische
Analyse des Zementbrennprozesses). Diploma
work, Abteilung llla, ETH Zurich (1972) (in
German).

 Hohmann, E. C., Lockhart, F. J. (1976). Optimum
heat exchanger network synthesis. AIChE 82"
National Meeting, Atlantic City, NJ, USA, Paper
No 22a.
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What is Process (Heat) Integration?

o A family of methodologies for combining several processes to

reduce consumption of resources and/or harmful emissions to
the environment

o It started as Heat Integration stimulated by the energy crisis in
the 1970's

o Definition of Process Integration by IEA:

Systematic and General Methods for Designing Integrated
Production Systems ranging from Individual Processes to Total

Sites, with special emphasis on the Efficient Use of Energy and
reducing Environmental Effects.
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Main Features T,

A clear pattern:
 Targets, problem decomposition, guidance for design

* The widest application is for energy savings

* Other areas:
 Water networks, GHG emission minimisation,
* Inventory planning
* Regional development and supply chains
* Electrical power management

» Potential applications to regional water-energy
nexus
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The “Red Book”

The institition of Chemical Enginears

User Guide on
PROCESS
INTEGRATION
for the
EFFICIENT USE
OF ENERGY

A User Guide on
Process Integration for the
Efficient Use of Energy

Authors of the Guide

B. Linnhoff, University of Manchester Institute of Science and Technology
DW. Townsend, IClI New Science Group
. D. Boland, ICI Petrochemicals and Plastics Division
G.F. Hewitt, AERE Harwell
B.E.A. Thomas, Process Engineering Consultant
A.R. Guy, Filtration and Transfer Ltd
R.H. Marsland, Johnson-Hunt Ltd

Contributors

J.R. Flower, University of Leeds

J.C. Hill, ICI Petrochemicals and Plastics Division

J.A. Turner, IClI New Science Group

D.A. Reay, International Research and Development Co Ltd

The authors were members of a Working Party set up by the Institution of
Chemical Engineers to prepare this Guide under the Chairmanship of B.E.A.
Thomas.
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SPIL, VUT Brno, 2 May 2018

Prof Bodo Linnhoff, Pioneer of Pinch Analysis
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Pinch based approach <v/s

=T

2 %,
(- 6
P Iz b3
FEED

Complicated Flowsheet
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Mathematical Programming OR Pinch
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Mathematical Programming &%

» Describes a problem as a set of equations

* An objective function (Mixed Integer Nonlinear
Problem) + Multiobjective optimisation

Minimize (or maximize) F(x, y) Objective function,

performance criterion

where x € R" (continuous variables)  Continuous domain

y € Z" (integer variables) Discrete domain
subject to h(x,y)=0 Equality constraints
g(x,y) <0 Inequality constraints
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Powerful Tool

* There are a number of environments for
developing and solving mathematical

models: GAMS, LINDO, IBM-ILOG Studio,
etc.

* A variety of solvers for solving successfully
LP, NLP, MILP, MINLP problems

 Solution times are constantly being reduced
as a result of novel algorithms as well as
hardware development

BUT
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Pinch AND Mathematical Programming
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Advanced Redesign-
Total Site Concept

l:lecmcnty

Renewab Iv-1 Fossil Fuekf T\Euclemf ,
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Benefits of Process Integration

* Heat Integration roots

* |[dentify heat recovery targets and aid
In synthesizing maximum heat
recovery systems

» Minimise utility demands and CO,
emissions of a process
* Minimisation of resource consumption
» Total Sites Optimisation
* Supply Chains
» Optimal time scheduling and tracking
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Energy Efficiency / Savings in the UK

The fall in energy intensity over the last 30 years
The industrial sector and mainly due to structural changes

Energy intensity, 1980 to 2013

140—

-g- 120

= 100 g

Qo

@ 80—

= 60—

o

g 409

— 204

U 1 ] ] ] ) I ) ] ] ] I ] I ) ] I ) I ] ) I ) I ) 1 ) ) I ] 1 ] ] ]
1980 1985 1990 1995 2000 2005 2013p

=== [ndustrial sector per unit of output
=== [Jomestic sector per household
=== Serivice sector per unit of value added
=== Road passenger transport per passenger/km
== Road freight transport per tonne/km

www.gov.uk/government/uploads/system/uploads/attachment_data/file/350941/UK_Energy in_Brief 2014 revised.pdf
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Summary

Sustainable Development: a major goal

How to quantify the sustainability?

Issues of sustainability — related to mass flows and
energy flows

Mass-flow issues are best served by the Circular
Economy paradigm

Energy-flow issues are better modelled using a
cascade model

Seeing the big picture naturally leads to the “Waste
Hierarchy”

« An example of excellence in resource conservation:
Process Integration
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Special Session Invitation: &y

s

SDEWES 2020 Gold Coast, Australic

v

6 -9 April 2020

<www.goldcoast2020.sdewes.org/>
1st Asia Pacific SDEWES (Sustainable Development on Energy and Water Systems)
Engineering a Sustainable Circular Economy:
Materials, Energy and Infrastructure Integration for Smart Cities and Industry

Timothy Gordon Walmsley*, Jifi Jaromir Klemes§, Kim Pickering, Petar Sabev Varbanov
Corresponding email: spil@fme.vutbr.cz

Abstract submission (session invitation code): gCZOZOesce
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28 June - 2 July 2020
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Integration of Smart cities and Smart Industry for Circular Economy:
Energy, Water and Waste to Secondary raw material for Sustainable
Future
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Yee Van Fan fan@fme.vutbr.cz
Jifi Jaromir Klemes jiri.klemes@vutbr.cz
Petar Sabev Varbanov varbanov@fme.vutbr.cz

abstract submission (session invitation code):

sdsee20scsi



Acknowledgment

* The EU supported project Sustainable

Process Integration Laboratory -
SPIL funded as project No.
CZ.02.1.01/0.0/0.0/15 003/0000456, by
Czech Republic Operational
Programme Research and
Development, Education, Priority 1:
Strengthening capacity for quality
research based on the SPIL project
have been gratefully acknowledged.

127



