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1. Introduction



Where do we come from?

Ghent University

Faculty of Bioscience Engineering 

Department of Green Chemistry and Technology

Sustainable Systems Engineering Group



FOCUS ON RESOURCES

LIFE CYCLE THINKING

THERMODYNAMIC PRINCIPLES

Retail Sector
Chemical 
industry

Biorefineries

Waste

Agricultural and 
Ecosystem 

Management

Decision & 
Policy support

Process 
based versus

Input/Output 
Analysis
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Sustainability Systems Engineering group:



2. Sustainability Assessment toolbox



(Environmental) sustainability: increasingly a hot topic



Different concepts as a base for sustainable management:

Different concepts/frameworks:

-They cover different aspects

-They partially overlap

-Need for a consistent base

-Anthropogenic focus

The Sustainability Assessment Toolbox today:



Source: Dewulf et al., 2016

- Key input:  

data

- Key advantage:

avoiding burden shifting (type of impact, place, time …) 



EC Communication on Integrated Product Policy (COM (2003) 302):

“Life Cycle Assessments provide the best framework for assessing

the potential environmental impacts of products currently available”

European Platform for LCA

(EPLCA)

Life cycle thinking:

Life cycle assessment (LCA):

Policy level:



Economic 
importance

• Importance of a raw 
material per 
economic sector 
& importance of the 
sector in the EU 
economy

Supply risk

• Political and 
economic stability

• Level of production 
concentration

• Potential for 
substitution

• Recycling rate

What are Critical Raw Materials?

EU 2014 
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EU 2014 :



Social Impact: Quantifiable?  

Social Life Cycle Analysis



Social Assessment: UNEP SETAC 

framework based on ‘who affected’:



Social Assessment: 

How to quantify impacts?

Two possibilities:

- How many children are working in the production chain?

Difficulties: 

- How to get the data

- How to compare with other indicators (e.g. risk)

- Semi-quantification:

The Likert scale – on a scale from 1 to 5 how many 

children work in the production chain?

Very few, few, average, rather many, a lot



Social Assessment: 

Alternative approach: flagging

A life cycle concerns a lot of processes:

Solution = flagging

Per phase of the life cycle (resource extraction, 

production, use and end-of-life) identify 3 hotspots 

per indicator

Data from:

- Surveys

- Literature

- Databases: e.g. social hotspots database

- Expert judgement



First SLCA software: Social Hotspots DataBase (SHDB)



Second SLCA software: PSILCA (Open LCA)



Social LCA development

- Far less mature than environmental LCA 

- First databases available

- Constructed:

- Sector specific

- Country specific

- Based on semi-quantitative indicators



Basis: World Economic Input/Output models:

PSILCA SHDB

Input/output model Eora Multi-regional 

input/output database 

(2012)

Model of the Global trade 

analysis project (GTAP)

Number of countries

covered

189 113

Number of industry 

sectors

14,838 (commodities + 

sectors)
57



3. New challenges beyond Brundtland



Biomass

-Solar energy → photosynthesis → plants = biomass

-Photosynthetically active radiation = PAR = 

spectral range 400 to 700 nanometer that can be

used by plants

Solar spectrum



Unconventional fossils: shale gas



“Major opportunities to provide more

services to the community with

lower carbon footprint is not to be

situated in alternative resources

but rather in improved resource

utilization efficiency”

Jos Delbeke, EU DG ENVIRONMENT

Keynote lecture at “Innovation for Sustainable Production”

Bruges 18–21 April (2010).

(In)efficiencies



Mineral resources
Fight for natural resources:

Mobile phone

Laptop

Electrical cars

Storage of (solar) energy/electricity

…

Cobalt example:

- Co for batteries: 700 t in 1995 to 12000 t in 2005

- 2007: 25% of global Cobalt market to batteries

China’s “deal of the Century” to save Congo?

http://www1.euro.dell.com/content/products/RBIredirect.aspx?rbi=EESJuqJJunKzV5pVrEFOw2upQvugCd7i2UzDzKZNEmt3lQ/Acmol/y9lq/6A4gXvwrRTPDkofY9Re/bkV7gfr9RF7ogj+YS+ttEyDOMniN0uPmsC6XhEZIBW1QdLqt+cDTZeTPaeYKN62tkGPRczb2tOrN1kSg5BFhMchUpbmFFFgDVEJsYdtFfLMHpxynS7
http://www.worldpolicy.org/blog/1
http://www.worldpolicy.org/sites/default/files/node_img/5662579248_eda7243d91.jpg


> 40 elements …



1990s: INDUSTRIAL ECOLOGY

Linear flow-through

Quasi cyclic

From waste to Circular Economy



Cyclic



DS, 16/2/2005

2016-2020:

EU project:

RePair



From concepts in the 1990s to 

implementation into policy:

EU “Circular Economy Package”

Dec 2015



4. Life Cycle Assessment



Basis: 

Impact assessment modeling based on cause and effect chain

At endpoint level: example for Climate Change:

AoP 

human health

AoP 

ecosystems  
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Life Cycle Assessment

assessing impacts on 3 endpoints:

- Ecosystem health

- Human health

- Natural Resources (↔ resource depletion)

- Highly debated subject: science/policy makers/industry

- Problems with implementation in LCA (PEF pilots, 2013-2018): 



LCA: “the compilation and evaluation of the inputs, outputs                         

and the potential environmenal impacts of a product system (good or 

service) throughout its life cycle, from the extraction of raw material to 

product disposal”

International Organization for 

Standardization:

guidelines for LCA



1

2

3

4

• 4 major steps

• iterative



Step 1: Goal and scope definition

Goal:

1. Intended application / reason for the study

2. Audience of the study



Example of timber

Life cycle of timber

Goal:

1. What is the impact of timber compared to concrete as a 

construction material?

Which step of its life cycle has the highest impact?

2.   Audience of the study: general public or building company



Scope:

1. Choice of functional unit (FU):

Amount of the studied good(s) and/or service(s)

+ How long? Which quality?

Example: plastic vs. paper bag for shopping:

volume? carrying capacity? lifetime, re-usable? 

 fair comparison needed

 service: carrying 10 kg of identical goods



Scope:

2. Choice of system boundaries



Scope:

2. Choice of system boundaries:

Time and money needed for data collection

Cut-off criteria

e.g. >1% of mass input
Time 

and money

Quality of

outcome



2.  Choice of system boundaries

Subdivide system into:

1. Foreground system: 

• core processes under direct control or decisive influence 

• specific/primary data

2.   Background system: 

• auxiliary processes

• generic/secondary data



Step 2: Life cycle inventory analysis

Data collection about input and output flows of the system

Most time consuming step



Elementary flows to and from the natural environment:

Natural resources

Extracted from natural environment

Emissions

to natural environment

Environmental

impact

assessment

Cause-effect chain



Besides emissions (elementary flows), other output flows: 

(co)products wastesOR

“substances or objects which the 

holder intends or is required to 

dispose of” (ISO, 2006)

no environmental impact 

attributed to wastes

environmental impact 

attributed to (co)products

Difficult distinction, time-dependent



Example of sawn timber:

Saw dust

Sawn timber: main product / Saw dust: waste or coproduct?

Saw dust as waste: no environmental impact

Saw dust as coproduct: how to divide environmental impact

between sawn timber and saw dust?

Sawn timber



Multifunctionality issue:

A system or process produces more than one product

How to assign the inventory flows               

and the associated environmental impacts     

to two or more products?

ISO guidelines (2006)



Step 3: Life cycle impact assessment

Data inventory: elementary flows (natural resource use and emissions)

Environmental impact assessment

1. Classification

2. Characterization

3.    Valuation (optional)



Classification of elementary flows into impact categories

Examples:



Characterization: quantification of the potency of the env. effect

Example Climate Change impact:

GWP: global warming potential



Characterization at midpoint or endpoint level

At endpoint level: example for Climate Change

AoP 

human health

AoP 

ecosystems  



Characterization at midpoint or endpoint level

At endpoint level:

• At the end of the cause-effect chain

• Better comprehensible to broad audience

• Higher uncertainty (compared to midpoint)

Damage to the Areas of Protection (AoPs):

HUMAN HEALTH ECOSYSTEMSNATURAL RESOURCES



Commonly used indicator:

Disability Adjusted Life Years

(DALY)

Commonly used indicator:

Potentially Affected/Disappeared 

Fraction of species (PAF/PDF)

E.g. Extra energy necessary 

for extraction

(no consensus yet!)

Midpoint indicators linked to endpoint indicators

IMPACT CATEGORIES DAMAGE TO AoPs



Step 4: Interpretation

• Interpret results of the impact assessment

• Answer research questions defined in the goal

• One product: identify hot spots in the life cycle 

• Two or more products: recommend about product with lowest 

environmental impact

! Take into account limitations, choices and assumptions



Uses of life cycle studies

1) Product comparison

vs. vs.



Uses of life cycle studies

2) Product design and improvement

• identify processes, ingredients, and systems that are major 

contributors to environmental impacts

• compare different options within a particular process with 

the objective of minimizing environmental impacts

Eco-design

ISO: “a process integrated within product design and 

development that aims to reduce environmental impacts and 

continually to improve the environmental performance of the 

products, throughout their life cycle”



5. Key challenge in LCA: Resources

Insights from a thermodynamic approach



Idea: take thermodynamics as a base for resource 

management that enables:

- Overall resource input assessment

- Overall resource efficiency assessment

What basis to be chosen for integrated resource mgt?

Prof. Whitesides (Harvard) 

at Green Chem. Conf. (Washington, 2005):

Sustainable technology development: 

If emissions are a bit under control:

- Economically sound

- Thermodynamically sound



First law and Second law ...

Explaining second law through the exergy concept



(W. Hermann, Stanford, 2007)









Resources

Waste

Product

Entropy prod.

Exergetic 

efficiency

Exergyin

Exergyout

Assess the thermodynamic efficiency: exergy analysis

Source: Dewulf et al., 2008

Economic sustainability and Environmental sustainability



Calculation of exergy: matter flow - chemical exergy

Final state in physical exergy calculation

= initial state in chemical exergy calculation

Chemical exergy is equal to the maximum amount of work

obtainable when the substance under consideration is brought

from the environmental state to the dead state through

chemical reactions and exchange of compounds.



Calculation of exergy: matter flow - chemical exergy

Final state in physical exergy calculation

= initial state in chemical exergy calculation

Chemical exergy is equal to the maximum amount of work

obtainable when the substance under consideration is brought

from the environmental state to the dead state through

chemical reactions and exchange of compounds.

Chemical exergy is equal to the minimum amount of work

necessary to synthesise, and to deliver in the environmental

state, the substance under consideration from reference

substances (in dead state) by means of processes involving

heat transfer and exchange of substances only with the

environment.



Calculation of exergy: chemical exergy

Homogenous reference environment

• Atmosphere

• Sea (dissolved ions)

• Earth’s crust

Composition  Reference substances

• Abundant and most probable in the environment

• Low chemical potential

• Chemically stable

• In equilibrium with the rest of the environment

• Present in aggregation state (solid, liquid or gas) at which they 

would normally occur at T0 and P0

• Present at average natural world concentration



Calculation of exergy: chemical exergy

By definition: a reference substance at reference concentration (or 

partial pressure for a gas) and reference aggregation state  Ex = 0

e.g. CO2 (g) at P00 (0.03 kPa)

Following aspects should be taken into account when quantifying 

chemical exergy:

• Chemical formula

• Aggregation phase (solid, liquid or gas)

• Concentration (solid, liquid) or partial pressure (gas)

• Crystal structure (solid)



Calculation of exergy: chemical exergy

Non-reference substances

Transformed into reference substances (at standard conditions)

Example: methane        CH4 + 2 O2  CO2 + 2 H2O

Maximum amount of work obtainable out of a reversible reaction:

Exergy of non-reference substance is found if exergy values of 

other compounds are known



Calculation of exergy: chemical exergy



Assessing Technology through 

Exergy Analysis

Efficiency=64%

Efficiency=74%
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Resource management:

from process to life cycle level



World average

Belgium 

WATERLANDMATERIAL

ha m³ton

Source: Ivanova et al., 2016

Methods were developed to calculate natural 

resource “footprints”

4.9

17.8

1.0

2.8

209

492

ENERGY

Jen

Fossil fuels

Minerals

Metals

Biomass

Fossil energy

Nuclear energy

Wind energy

Water energy

overall resource 

footprint?

Biomass

Per person: 



LAND

Methods were developed to calculate natural resource 

“footprints”

Cumulative Exergy Extraction of the Natural Environment
(Dewulf et al., 2007)

Jex

CEENE

Land (biomass)

Water

Minerals

Metals

Fossil energy

Nuclear energy

Wind energy

Water energy



6. Illustrative cases



SUBSTANTIATING ENVIRONMENTAL 

SUSTAINABILITY CLAIMS



Supercritical CO2 as a Solvent Media

Green Chemistry Principle 5: 

The use of auxiliary substances (e.g., solvents, separation 

agents, etc.) should be made unnecessary wherever possible 

and innocuous when used. (Anastas & Warner)

Case : 

Are supercritical solvents green?

http://www.epa.gov/


Case at Janssen Pharmaceutica (J&J):

Substitute classical solvent separation 

by using supercritical CO2:

Is this more environmental sustainable from a resource

point of view?

- at process level : α

- at plant level: β

- at overall supply chain: γ



(Van der Vorst et al., Green Chem., 2010)



Environmental Sustainability 

Assessment of Algae Production 

Systems
Methodological development and case studies

Ir. Sue Ellen Taelman
Public PhD defense - 12/05/2016

Promotors
Prof. Dr. Ir. Jo Dewulf

Prof. Dr. Ir. Steven De Meester



• Potential applications of algae 

5

Energy

Chemical 
industry

Feed

Food

Pharmaceutical 
industry 

Cosmetic 
industryFertilizer

Pollution treatment



• Feed sector is extremely interested

80Amazon
Forest



• High amounts of proteins used in EU for animal feeding: 26 million

tonnes annually

7

Sources of proteins used for animal feeding in the EU (2012/2013), in
% of total protein use (both import and EU-production) (FEFAC)

WWF

EU self-sufficiency: 

3%

Deforestation & 

loss of valuable ecosystems

Water & soil pollution

Soybean meal

Fish mealsOthers

Dried forages

Pulses

Sunflower + 

Rapeseed meal



• Challenge: increase feed production while reducing the ecological

footprint worldwide (import )

• Solution? Farming for protein self-sufficiency in Europe but avoid 

competition for fertile land

 High protein content found in several algal species 

 Shift to unproductive land or oceans 

8

Algae? Main driving forces… 

Sources:
Encarnación et al., 2010
Keshun (1997)

Proteins (% DM) Carbohydrates (% DM) Lipids (% DM)

Scenedesmus obliquus 50-56 10-17 12-14

Chlorella vulgaris 51-58 12-17 14-22

Dunaliella salina 57 32 6

Tetraselmis maculata 52 15 3

Spirulina platensis 46-63 8-14 4-9

Spirulina maxima 60-71 13-16 6-7

Soybeans 42 20 33



Open ponds

Photobioreactors (PBRs)

• A few cultivation systems tested in Europe

83

Coastal regions



• Several LCIA methods are developed during recent years focusing 

on emissions to the environment (e.g., IPCC 2007) 

• However, resource efficiency is a major challenge in our everyday 

life, but only few LCIA methods account for resource consumption

11

E.g., CEENE method (Dewulf et al. 2007) 

Nuclear

Fossil

Land

Metals

Minerals

Water

Renewables

Atmospheric

All resources expressed in 

exergy

not only the quantity but also 

the quality of a resource can 

be assessed

Sum of all natural resources 

consumed= environmental 

resource footprint



Cattle manure, maize 
straw, feeding residues, 

silage maize

Electricity

Biogas

Digestate

Storage

CHP

Digester UNIT

Flue gases 400°C

Electricity

Heat (warm water)

Condenser 1

Condenser 2

Electricity

Electricity

Flue gases 120°C

Heat 
(warm water)

Bio-ethanol 
unit

Flue gases 50°CHeat (warm water)

Pond 
O

utside

Pond 
Inside

Centr. 1

Centr. 2

Coalescer 1

Coalescer 2

Flue gases 
in excess

Electricity

Nutrients (N,P)

Water (rain and fresh)

Water evaporated CO2Electricity

Effluent 1

Effluent 2

Harvested fraction

Harvested fraction

Electricity

Water (fresh)
Centrate 1+ 2

Concentrate 1

Concentrate 2

Sunlight/Land

T6T3T4inoculum

dryer Extraction 
step

ALGAE OIL

ALGAE MEAL

field

Sewer

Artificial
lighting

Advantage algae cultivation: usage of waste streams

-> Integrated algal biorefinery in The Netherlands (Lelystad) 
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500 m²

3241 kg DW
ha-1 y-1

10.2% DW



2,15E+03 g/MJex DMMixing in 
Medium

Tank

Nutrient Mix
2,12E+04 g/MJex DM Algae 

Cultivation 
PBR

CO2

bottle
Outside air

Membrane
Separation

Centrifugation

Concentrate
2,56E+02 g/MJex DM

4,31E-02 g/MJex DM

1,30E-01 kWh/MJex DM

8,42E+01 g/MJex DM

6,61E+00 kWh/MJex DM

5,48E+01 g/MJex DM

4,05E+00 g/MJex DM

Dry Algae 
Biomass (95% DW)

4,95E+01 g/MJex DM

5,39E+02 g/MJex DM

Sunlight

Land

2,49E+01 kWh/MJex DM

Circulation
pump

fan

Inoculum

Freeze drying

6,50E-06 g/MJex DM

PUMP

PUMP

Retentate
1.93E+03 g/MJex DM

PUMP

3,33E-02 g/MJex DM

2,07E+04 g/MJex DM

Effluent PBR
2,12E+04 g/MJex DM

PUMP

PUMP

2,07E-04 kWh/MJex DM

2,04E+02 g/MJex DM

6,20E-02
kWh/MJex DM

1,70E+04 g/MJex DM
4,03E+03 g/MJex DM

1,65E-04
kWh/MJex DM

4,135E-05
kWh/MJex DM

3,92E-05
kWh/MJex DM

2,07E-06 kWh/MJex DM

2,56E+00
kWh/MJex DM

Heat-
exchanger

3,43E-02 kWh/MJex DM

Heat

1,13E+00
kWh/MJex DM

2.31E-03
kWh/MJex DM

5,06E+01 
g/MJex DM

A
B

C

D

E

Nutrients

Vitamins

Salt

Water

Electricity

Electricity

Oxygen
Carbon dioxide

Plastic

Buffer water

Electricity

Centrate PermeateElectricityEffluent

Figure 7 Process flow scheme microalgae production chain (pilot 2012, scale 240 m2). Data 

inventory per MJex dry matter algal biomass. Overall there are five distinct subprocesses within the 

foreground system (indicated by the red dotted line): nutrient mixing (process A), cultivation 

Nannochloropsis sp. (process B), membrane separation (process C), centrifugation (process D), 

freeze drying (process E).



Digestate

Electricity

Heat

Meal

Oil

Comparison with a relevant protein alternative : 
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Data from Prudêncio da Silva et al. 2010

1.02 x 103 MJex

9.87 x 102 MJex

1.39 x 102 MJex

1 MJex

5.11 x 10-1 MJex

Integrate

d algal

biorefine

ry

Digestate, heat & 

electricity

production (PART 1)

Soybean cultivation, 

processing  & 

transport (PART 2)

Biorefinery Basket of products Linear Economy

Functional

unit

Manure?

A linear economy

Soybean production in brazil 
 soil depletion
Livestock production in EU 
manure treatment

Soy
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CEENE results

MJex/functionalities

TOTAL Relative 

contribution 

(%)

LINEAR ECONOMY

Soybean cultivation 5.15 91.47

Drying 0.18 3.19

Crushing 0.10 1.75

Export to The 

Netherlands
0.20 3.58

TOTAL 5.63

BIOREFINERY

Algae cultivation 622 99.53

Drying 2.82 0.45

Crushing 0.13 0.02

TOTAL 625

> factor 100 difference could be expected: 

mature large scale technology (soybean) versus young small scale technology (algae) 

9%
1% 1%

89%

3%

76%

8%

10%

3%

Focus on:

1 MJex meal

0.5 MJex oil



Possible to achieve a lower footprint? Let’s have a look…

• Electricity based on renewables (wind energy)

• Reducing operating hours of blowing and mixing 

• More efficient ventilators (not oversized)

• Higher yields under current climate possible

• Higher harvesting efficiency possible 

89

Future outlook?

Total resource footprint (CEENE) drops with factor 20!

When abiotic renewables are considered inexhaustible 
-> similar footprint!

Even other possibilities:
Recycling of centrate
Use of digestate

625

29,67
5,63

0

100

200

300

400

500

600

700

Algal meal/oil

(Base case)

Algal meal/oil

(hypothetical)

Soybean

meal/oil

M
J

ex
 /

 F
U

 m
ea

l 
a

n
d

 o
il

Factor 20


