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PREFACE 
 
 

The need of increasing production efficiency, the improvement of environmental 
performance, the compliance with legal requirements, and, at the same time, the conser-
vation of the social responsibility are only some of the future challenges for industry. 
Technical improvements, governmental initiatives and changes in industry structures 
challenge enterprises especially in fast growing economies such as China and Chile. 
Supply chains are no longer linear arrangements of processes ending at a final con-
sumer; rather there is an increasing shift to recycling, and by-products are used in other 
supply chains. 

Therefore, holistic approaches for process design and operations planning are 
being developed and applied. The combination of methods of process integration, engi-
neering and Operations Research (OR) considers a variety of economic and environ-
mental process attributes for an integrated technique assessment, allowing to investigate 
changes within global supply chains. For an integrated assessment of mass and energy 
flows the specification and detailed mapping of the technical requirements and the ma-
terial properties is essential. Furthermore, new business concepts are required imple-
menting organizational and technical innovation in inter-enterprise applications. 

 
The French-German Institute for Environmental Research (DFIU/IFARE) of the 

University of Karlsruhe (TH) investigates such approaches within the research project 
PepOn "Integrated Process Design for the Inter-Enterprise Plant Layout Planning of 
Dynamic Mass Flow Networks" together with partners from Chile and China. In that 
context, the international workshop on “Challenges for Industrial Production” (7. – 8. 
November 2005 in Karlsruhe) presents a selection of approaches and examples from 
practice addressing economic, environmental and technical goals for process optimisa-
tion. The different sections of the workshop and its proceedings at hand focus on re-
search and industry applications in the following fields:  

 Process Optimisation in Industry 
 Strategies in Global Markets 
 New Methods for Dynamic Planning 
 Application of Pinch Analysis 
 Case studies from Industrialising Countries 
 Life-Cycle-based Improvement Approaches 
 Product-based Improvement Approaches 

 
We as organizers of the workshop and editors of these proceedings are grateful 

for the good attendance, which is reflected by the internationality and interdisciplinarity 
of the workshop’s participants and the scope of the contributed papers. We are glad to 
offer a documentation, which may foster the exchange of scientific approaches and their 
practical application.  

We would like to thank all authors of the book and participants of the workshop. 
Our special thanks go to our project partners:  

 Marcela Zacarías M., Jens Neugebauer and Dr. Alex Berg G. 
(Unidad de Desarrollo Tecnológico (UDT), Universidad de Concepción, 
Concepción, Chile)  



  
 

 Surong Guo and Prof. Yongsen Lu  
(College of Environmental Science and Engineering (CESE), Tongji 
University, Shanghai, P.R. China) 

 Dr. Yinan Wang and Prof. Fengqi Zhou  
(Energy Research Institute (ERI), State Development and Reform Com-
mission, Beijing, P.R. China) 

 
It is a pleasant duty for us to express our sincerely gratitude towards the Volks-

wagenStiftung and especially Prof. Hagen Hof. Without that grant of the Volkswagen-
Stiftung within their program for the funding of researchers in the interdisciplinary field 
of environmental research, such an unusual and perhaps visionary project would not 
have been possible.  

 
 
 
 
 
 
Jutta Geldermann, Martin Treitz, Hannes Schollenberger, Otto Rentz 
 
French-German Institute for Environmental Research (DFIU/IFARE) 
University of Karlsruhe (TH), Germany 
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THE FORESTRY INDUSTRY IN CHILE:  
ENORMOUS OPPORTUNITIES AND MAJOR CHALLENGES FOR  

RESEARCH, INDUSTRY AND THE PUBLIC SECTOR 
 

Alex Berg 
Unidad de Desarrollo Tecnológico, Universidad de Concepción, Chile 

 
The Chilean forestry sector has experienced enormous changes during the last 30 years. In the mid 
70s, the Chilean state decided to subsidize re-forestation with pinus and eucalyptus species, result-
ing in the actual plantation of 2.4 million hectares that annually produce 27 million m3 of wood. At 
the same time, a modern forestry industry was established, based in the production of pulp (2.9 
million ton/year), wood-based panels (1,4 million m3/year) and lumber (7 million m3/year). This 
pioneering development has made it possible for Chilean companies to successfully expand their 
business to other countries in South, Central and North America. 
Nevertheless, the strong position of the Chilean forest industry in Chile and abroad is accompanied 
by enormous future challenges. One challenge is presented by the demand by the Chilean popula-
tion for stronger environmental protection measures, complicating the development of new indus-
trial complexes, such as the integrated saw mill, pulp mill, plywood and energy plant begun in 
Nueva Aldea with a total annual wood consumption of over 5 million m3/year. Another challenge is 
the need to gradually change the massive production of commodities with little added value to the 
production of goods with higher added value and to a better utilization of byproducts from the 
forestry and the forest processing industry. This goal, however, can only be achieved if a real effort 
is made by the public and private sectors to push the Chilean technological development forward. 
Some of the valuable efforts, related to the improvement of some properties of wood, the develop-
ment of new composite materials, and the use of residual biomass as an energy source, which have 
been done by the Unidad de Desarrollo Tecnológico from the University of Concepción, will be 
presented. 
 
THE FOREST INDUSTRY AND ITS DEVELOPMENT 

In the mid 70ies, the Chilean government implemented a policy to encourage 
plantations of pinus radiata species. The principal reasons for this decision were the 
following: 

 Economic: A small wood processing industry was being established dur-
ing the sixties, which comprised two Kraft mills, a sulfite mill, and some 
wood panel factories. The quality of the native wood supply was not ho-
mogenous enough to allow a bigger expansion of the sector 

 Ecologic: A main ecological problem in central and south Chile was (and 
still is) the degradation of the soil by erosion, caused by extensive agri-
cultural use without adequate cultivation technology and crop rotation. 
The forestation with foreign species was a very good solution for stop-
ping soil erosion by water and wind. 

The subvention consisted basically in the payment of a bonus, covering 90 % of 
the costs to establish a wood plantation, in degraded soils . The final result of this meas-
ure was very impressive when considering the number of trees planted (Figure 1).  



2 A.Berg
 

 

0

20.000

40.000

60.000

80.000

100.000

120.000

140.000

1994 1995 1996 1997 1998 1999 2000 2001 2002 2003

Year

A
nn

ua
l p

la
nt

at
io

ns
 (h

a/
ye

ar
) Radiata pine

Radiata pine 

Eucaliptus species 

Eucaliptus species 

Other species 

Other species 

FIGURE 1: Plantations of Pinus radiata and Eucalyptus species in Chile (darker 
colour: forestation; pale colour: reforestation) (based on data from INFOR, 2005a) 

 
It is important to consider that the growth presented by pinus radiata in Chile is 

on average 25 m3/ha/year and of eucalyptus globulus more than 30 m3/ha/year. In com-
parison, in Germany the growth of Spruce, Pinus sylvestries and Fagus sylvatica is in 
the range of 3 to 7 m3/ha/year. This rapid growth makes it possible to harvest an impres-
sive amount of wood in the present as well as in the future. Figure 3 presents the corre-
sponding projections. 

 

 

FIGURE 2: Wood availability in Chilean plantations (based on data from INFOR, 

 
2005b).   
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THE WOOD-PROCESSING INDUSTRY 
lopment, the forest industry has aggres-

sively e

or in relation to Chilean total exports 

Period Total annual 

(M  

Forest annual 

(M  

Total annual exports /  

Hand in hand with forest sector deve
xpanded its activities in the last decades. In the sixties, the average annual ex-

ports from the forest sector were only US$ 18 million, which grew up to US$ 2,558 
million in the period 2000 – 2004 (Table 1)! 
 
TABLE 1: Exports of the Chilean forest sect

(data from: Berg and Grosse, 2004 and INFOR, 2005a) 

exports  

M US$) 

exports  

M US$) 
forest annual exports 

(%) 

1960 – 69 704   18   2.6  

1970 – 79 1  

1  

,844   144   7.8  

1980 – 89 4,817   478   9.9  

1990 – 99 13,282   ,142   11.6  

2000 - 04 21,854   2,558   11.7  

 
Actually, the wood processing industry in Chile presented the following produc-

tion in 

 Pulp production: 2.9 million ton/year 

ion m3/year 
 

s can be seen, there is a strong forestry industry that produces raw materials to 
supply 

 characterizing the forest and 
wood-p

2004: 
 

 Lumber production: 7 million m3/year 
 Wood-based panel production: 1.4 mill

A
different industries, principally lumber producers, pulp mills and wood-based-

panel plants. The energy and steam production by cogeneration processes based on for-
est biomass is also becoming an important business due to an increased production, the 
increasing cost of electricity generated by fossil fuels, and the shortage of natural gas 
supplied from Argentina. The installed capacity is 180 MW, which represent nearly 
1.9% of Chile’s total electricity production (CNE, 2005). 

Figure 2 presents a diagram of the material flows
rocessing industry in Chile (the data is based on the reality of the year 2002). 

This diagram - the first of its kind developed in Chile – demonstrates the interdepend-
ence existing in this sector and how the byproduct of one industry represents the raw 
material of another.  
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Legend: 
1=Total log production; 2=Log exports; 3=Log consumed by the wood panel industry; 4=Chip consumed by the wood panel industry 
(only dry chips); 5=Byproducts consumed by the wood panel industry (dry chips are included); 6=Logs consumed by the wood chip 
industry; 7=Byproducts consumed by the wood chip industry; 8=Logs consumed by mobile sawmills; 9=Logs consumed by perma-
nent sawmills (logs for chip production are included); 10=Byproducts consumed by the pulping industry; 11=Chips consumed by the 
pulping industry; 12=Logs consumed by the pulping industry; 13=Logs consumed by the pole and packing industry; 14=Internal 
byproducts consumption by the wood panel industry; 15=Wood panel production; 16=Byproducts generated by the wood panel 
industry; 17=Byproducts generated by the chip industry; 18=Chip production by the chip industry; 19=Byproducts generated by 
mobile sawmills; 20=Lumber produced by mobile sawmills; 21=Internal byproduct consumption by mobile sawmills; 22=Internal 
byproduct consumption by permanent sawmills (chip are included); 23=Chip production in permanent sawmills; 24=Lumber produc-
tion in permanent sawmills; 25=Byproducts generated in permanent sawmills (production is included); 26=Pulp production (million 
tons); 27=Bleach liquor generation (million tons); 28=Byproducts generated for combustion (bark); 29=Internal byproducts con-
sumption by pole and packing industry; 30=Pole and packing production; 31=Byproducts generated by pole and packing industry; 
32=Wood panel production for exports; 33=Wood panel production for the internal market; 34=Chips for exports (only chip indus-
try); 35=Chips for inland consumption (only chip industry); 36=Lumber production in mobile saw mills; 37=Chips for the internal 
market (only sawmills); 38=Chips exports (only sawmills); 39=Lumber for inland consumption (only permanent sawmills) (produc-
tion - exports); 40=Lumber exports; 41=Byproducts consumed for energy generation in the pulping industry; 42=Byproducts con-
sumed in Nacimiento and Mostazal power plants; 43=Byproducts consumed in Laja and Constitution power plants; 44=Poles and 
packing production for the internal market; 45=Poles and packing production for exports; 46=Wood consumed by secondary wood 
industry 47=Byproducts generated secondary wood industry; 48=Wood product exports (logs are not included); 49=Wood products 
imports; 50=Secondary wood industry production; 51=Secondary wood industry exports (incl. sawmill production); 52=Processed 
lumber imports; 53=Processed lumber for the internal market; 54=National consumption of processed lumber; 55=Post consumer 
woody materials for deposition; 56=Post consumer woody materials for combustion; 57= Byproducts accumulation; 58= Wood 
consumption for non-industrial combustion; 59= Non-industrial wood for firewood; 60=Firewood consumption  
 

FIGURE 3: Flowchart of wood and wood by-products of the Chilean forestry and wood pro-
cessing industry (Wahlberg et al., 2005) 
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In fact, the established saw mills are the largest producer of by-products, nearly 
10 million m3: 3.33 million solid m3 of wood scraps are internally converted to wood 
chips (which is the raw material for pulp and MDF panel producers); 4.19 solid m3 are 
used internally for energy production and 2.75 million solid m3 (principally sawdust) 
are offered to the market. This sawdust is used by particleboard producers, cogeneration 
power plants and – in a much smaller proportion - by other consumers.  

Until the beginning of 2004, the sawdust was practically free of charge, being 
only necessary to pay the transport cost from the producer to the consumer. Indeed, it is 
estimated that nearly 20 million m3 of sawdust were accumulated in Chile during the 
last 20 years (Wahlberg et al., 2005). But the situation has changed. Now the surplus 
production of wood by-products (which was 1.52 million m3 in the year 2002 (figure 3)) 
has diminished drastically, and consequently this material has become more valuable 
and now has a positive, increasing price. Depending on the region, prices as high as 25 
US$/dry ton are paid. 

Indeed, the growth of the wood processing industry continues. The pulp produc-
tion capacity will grow in 1.5 million tons/year in the 2005 – 2008 period, and panel 
production will increases in nearly 800 million m3 during the same period.  

 
THE CHALLENGES AND THE ROLE OF THE R&D 

The Chilean forest and wood processing industry is reaching a point where the 
growth of the sector will be limited, if the focus is set only on obtaining higher produc-
tion volumes and better utilization of the available raw materials. The present challenge 
is to add value to the products and two concerted actions are of key importance: 
 
Improving the competitiveness of small and medium-size enterprises  

Presently, the Chilean forestry and wood processing industry is dominated by 
two big players: the Arauco and CMPC groups, which have expanded their business to 
several other Latin American countries and are among the 10 largest companies of this 
sector in the world. An important role is also played by the Masisa Company, which is 
the leader in Latin America with respect to wood-based panel production, with produc-
tion plants in Chile, Argentina, Brazil, Venezuela and Mexico. These companies are 
characterized by a vertical integration of their production processes, very high produc-
tion volumes, and the use of good technology but also by the production of products 
with low differentiation in the international markets and, consequently, relatively low 
prices. Until now, there are very few technology-based businesses related to the forestry 
sector, and the technology is principally bought abroad and the adding value chain is 
short and brittle. There is a need to expand and strengthen small and medium size enter-
prises in order to create more employments, to develop high value products for niche 
markets, and to establish a better network of specialized services and supplies. 

 
Improving R&D capability 

The public sector is making a big effort to increase the public R&D spending 
from nearly 0,5 % of GNP to 1 % during the next 5 years. But the industry also needs to 
participate in this effort: At present, they only contribute with 17 % in the national R&D 
spending (compared with the 83 % of the public sector). Together with this financial 
effort, the scientific and technological capacities, equipment, and a trained professional 
and technical staff is a very important issue. 

The University of Concepción has begun several interesting development to bet-
ter use the available wood raw materials, to develop new products for the local and in-
ternational markets, and to promote a better integration between the forest and wood-
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processing industry, the public sector, and research and development centers as well as 
the integration of an informed population. Some examples are the following: 

 
A) Development of a new material based on wood “petrification”  

Dr. Burhard Seeger, Professor of Inorganic Chemistry at the University of Con-
cepción, had the idea to improve on some of wood’s disadvantages, such as its vulner-
ability to attack by microorganisms, insects and fire by making a silicate-based compos-
ite material. After a proper impregnation procedure, a very thin layer of silica is depos-
ited in the interior of wood cavities, which acts as a cementing protection for the wood, 
making it possible to retain and insolubilize other chemicals like boron. The density of 
the new material increases in 10 %, and the price in nearly 50 US$/m3 compared with 
the wood without treatment. Its main applications will be the house construction market, 
but also other uses like piles for vineyards, children playgrounds, and fences. The proc-
ess was developed and patented in the University of Concepción (Seeger, 2002), and at 
the beginnings of 2005, the technology was licensed to a new company called Stone 
Wood S.A. 

 
B) Development of wood-plastic composites and the introduction of its products into 

the market 
Another new material, with a high proportion of wood, is a wood-plastic-

composite (WPC) that is made by dispersing small wood granules in a traditional ther-
moplastic material (like polyethylene or polypropylene) or biodegradable plastics de-
rived from biomass (like polylactic acid, polyhydroxybutirates or cellulose acetates). 
These materials were developed industrially in the USA nearly 15 years ago, where they 
have a market of US$ 1,000 million in 2004. In Chile, the University of Concepción 
together with the German institute Fraunhofer Umsicht developed the technology with 
local raw materials, and now is opening a market for WPCs by identifying customers 
who would like to produce final products by injection molding and extrusion.  

Two main applications are the following: Parts for fishing docks to replace the 
traditionally used wood lumber, which is attacked by a shipworm called Teredos na-
valis, and the production of biodegradable recipients for tree plants to avoid a transplan-
tation procedure and its associated stress, which presents the loss of nearly 2 – 4% of 
the plants. Both applications will be introduced into the market during 2006. 
 
C) First steps into the establishment of “bio-refineries” in Chile 

Wood has gained new importance as a raw material due to the increased price of 
oil and the acceptance that fossil fuel availability will increasingly decline in the next 
few decades. In addition to its known uses for lumber, pulp and wood-based panels, 
wood is also a source to obtain advanced materials, chemical products, and solid, liquid 
and gaseous fuels. The term “biorefineries” is used to define this new approach. The 
technical possibilities are quite numerous, but if the economical aspect is considered, 
only few possibilities have a real chance to be carried out in the short term. In Chile, the 
University of Concepción is making a big effort to establish a long-term program to-
gether with the pulping industry, the chemical producers and the energy concerns to 
create the technological, economical and environmental basis to transform this vision 
into reality, considering short-, medium- and long-term approaches.  
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THE CHALLENGES OF BUILDING ECO-INDUSTRIAL PARKS THROUGH 
INTER- ENTERPRISE PLANNING OF DYNAMIC MASS FLOW NETWORKS 

IN CHINA 
 

Cunkuan Bao, Yongsen Lu, Shaoping Wang, Surong Guo 
Institute of Environmental Management  

College of Environmental Science and Engineering, Tongji University, Shanghai, China 
 

Industrial parks (IPs) have been aroused to make rational adjustment in the distribution of small 
and medium enterprises (SMEs) in towns or cities in China since 1980s. Over the years two kinds of 
IPs have been developed in the country. The first is the parks with one or several anchor compa-
nies. The second is the parks composed of SMEs from many distinct business sectors but without 
anchor enterprises, which account for the main part of the total IPs. The challenges of gui-ding the 
second IPs onto eco-industrial parks (EIPs) might be that a series of barrier had to be surmounted. 
This paper described five principles in EIP planning to contend the challenge through three case 
studies. The essential prerequisite to make the principles effective in EIP development would be re-
adjustment and/or reinforcement of government policies, i.e. the strengthening pollution monitor-
ing and strict enforcement of laws and environmental standards; increasing the rates of pollution 
charges and resource taxes; adopting deposit-refund system in solid waste management; and pro-
moting environmental information open to public. 
 
INTRODUCTION 

Over the years China government has actively been pursuing circular economy 
(CE) and simultaneously issuing a series of policies to encourage local governments and 
industrial communities to practice CE. In fact, the theoretical basis of “Circular econ-
omy” is “Industrial ecology” and “Concepts of sustainable development”, which was 
derived from developed country’s mode with Chinese characteristics. There are three 
levels to build CE planning in China, that are circular society, the highest; EIPs, the 
medium level; and cleaner production and product’s eco-design, the base level. Indus-
trial parks (IPs) have been aroused to make rational adjustment in the layout or distribu-
tion of small and medium enterprises (SMEs) in towns or cities in China since 1980s. 
Over the years a great number of IPs have been developed, and in the meantime many 
big companies have been settled down. 

Pursuing CE the government has encouraged IPs with better conditions to trans-
form to or build demonstrative eco-industrial parks (EIPs). 

EIP is a vital collection pattern of enterprises with different business purposes. 
Based on the integrated utilization of mass, energy and water, and the principles of in-
dustrial symbiosis, theoretically there will be a holistic industrial supply-demand net-
work for by-products, wastes and residues exchange. General speaking there are two 
kinds of IPs. The first kind of industrial parks are distinctive with anchor companies, 
e.g. the Asnaes power station in Kalundborg, Denmark and the sugar refinery in Gui-
tang Group, China. For this kind of parks it is relatively practicable relying on anchor 
companies to promote building industrial chains and forming EIPs. Another kind is the 
industrial parks without anchor companies, composed of SMEs from distinct business 
sectors. The driving force for SMEs getting together usually is the park’s advantages of 
geographical location, better infrastructure conditions, and good relations to local com-
munities as well. In China most IPs can be included into the second kind. Building or 
reforming the second kind of IPs into EIPs is really a challenge and quite a task. 
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The paper gives a brief introduction of the official guidelines on planning de-
monstrative EIP at first, then describes the conception of planning, practical situation 
and barriers to organize inter-enterprise mass, energy and water flow networks through 
three case studies. The final part of the paper discusses the essential prerequisite to 
make the planning conception effective, that are the government policies, i.e. strict en-
forcement of law and environmental standards, increasing pollution charges and re-
source taxes and promoting environmental information open to public. 

 
PRACTICAL ISSUE OF THE “GUIDELINES FOR PLANNING DEMON-
STRATIVE ECO-INDUSTRIAL PARK” 

To build circular economy China SEPA (State Environmental Protection 
Agency) has formulated and issued serial policies and guidelines, among which the 
“Guidelines for Planning Demonstrative Circular Economy Zone” (trial implementa-
tion) (Huan Fa [2003] No.203) and “Guidelines for Planning Demonstrative Eco-
Industrial Park” (trial implementation) (Huan Fa [2003] No.208) are closely related to 
the EIP planning. 

According to the guidelines the planning document generally consists of follow-
ing basic requirements: 
 Introduction to local social, economic and environmental background; 

1) Community, city and regional situation; 
2) Situation of the industrial park (IP), e.g. category and structure of enterprises and 

business, main resources, etc.;  
3) The challenges to build the IP into EIP, including the analysis of Park’s advantages, 

weakness, opportunities and barriers; 
 Objectives and principles of planning; 

1) Overall goal, main objectives and development strategy; 
2) Specific targets for different sectors or fields; 
3) Principles of planning; 
 Parks master design; 

1) Spatial layout and functional zoning of the EIP; and  
2) Master frame of building the EIP; and 
3) Business development planning of the park; 
 Park’s symbiosis and co-metabolism; 

1) Main material flows and metabolism analysis; 
2) Energy and water flow analysis; and  
3) Alternative of re-organization or integration of mass, energy and water flows to form 

the mechanism of symbiosis and co-metabolism in the park; 
 Construction projects or measures of the Park; 

1) The inventory and directions of construction projects and measures for industrial pro-
jects, infrastructure, services and institutions; and 

2) Directives on construction projects or measures; 
 Cost-benefits analysis of investment in building EIP; 

1) Total investment and specific project investments; 
2) Channels of collecting and circulating the funds; and 
3) Economic, social and environmental benefits; 
 Institutions and guarantee 

1) Leading group management committee or coordinate office and investment compa-
nies; 

2) Park’s management system (If it is a reformation of existing park, special attention 
should be paid to integrate current management system into future system); 
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3) Policies to encourage economized and integrated mass, energy and water flows, i.e. 
through land use policy, taxes, subsidy and credit policies, and pollution charge fee 
and reimbursement, etc.; and 

4) Supporting system including training and education, information exchange, business 
incubator, environmental management system and cleaner production audit, etc. 

 
CASE STUDIES 

Three cases have been studied to demonstrate the challenges of building eco-
industrial parks. Each case represented specific conception of planning, practical situa-
tion and barriers to organize inter-enterprise mass, energy and water flow networks. 

 
Guitang Group eco-industrial park (GGEIP) 

This case displays a typical EIP of first kind. 
 Background and motivation of building GGEIP 

The Guitang Group Corporation Co. Ltd. is located at the Guigang city, Guangxi 
Province, China, originally it was combined of five sugar refineries. There were also 
some pulp and paper mills, alcohol distilleries and sugar farms in the city, but these en-
terprises were run by other corporations under different bureaus of municipal or provin-
cial government. Over the years these industrial sectors had been the greatest pollution 
sources of the city and directly threatened not only the survival of the industries but also 
local people’s health. 

To combat the increasingly acute threat the municipal and provincial govern-
ment have actively promoted the symbiosis of industrial processes and construction of 
EIP since late 1990s. 

 The feature of the EIP 
This is a typical EIP which has been strongly controlled by local government 

and with obvious mutual related anchor enterprises or sectors as shown in Figure 1. 
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FIGURE 1: The Industrial Symbiosis In Guitang Group Eco-Chains, China (2002) 
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(1) The salient features of the park can be described as follows. 
- Coupling chains of processes 

The three main eco-chains were: sugarcane farm—sugar refinery—bagasse 
pulping and paper; sugar molasses for alcohol—distillage for biogas and fertilizer; and 
sugar, polylevulose, glucoside—low polylevulose, that formed material flow network to 
fully utilize raw materials and byproducts and produce least wastes. 

- Closed loop of materials 
The sugarcane farm was the source and sink of eco-chains to form a closed loop. 

- Integration of byproducts 
The condensate from sugar refinery and white water from paper mill were re-

used in original processes. Sugarcane pith was burnt as a part of boiler fuel. Acid gas 
from cogeneration power plant was applied to neutralize alkaline pulp wash water 
through scrubber process. Solid wastes as filter sludge, white slurry and slag were used 
in cement process and sugar farmland. Through byproduct integration, pollution preven-
tion and/or waste minimization were realized. 

- Flexible structure 
The eco-chains and material-energy integration network of this park might make 

the products, outputs, resource supply, market demands and stochastically fluctuation of 
surroundings of Guitang Group more elastic, flexible and with greater ability to resist 
market risks. 
(2) Benefits of EIP building 

According to incomplete statistics some benefits were shown as follows. 
- Economic benefits 

Based on the 2002 data total investment on fixed assets of EIP construction and 
technological innovation could be repaid by 2006. 

- Environmental benefits 
Water pollution load in terms of CODcr would be cut down for 50%, equivalent 

to 30 thousand tons of CODcr eliminated 600 thousand Cubic meters of wood would be 
saved. 

- Social benefits 
People’s health, water quality, etc. are improved. 

 The organization of inter-enterprise mass, energy and water flow net-
works 

There were a number of opportunities to further organize inter-enterprise mass 
and energy flow networks. Because of lack of policy incentives detail measures e.g. 
taking advantages of pinch analysis to increase mass and energy efficiency were not in 
consideration. The reasons are discussed in the Section 4. 

 
Eco-design for Ludu Bicycle Park (EDLBP) 

Eco-design for Ludu Bicycle Park is one of the demonstrative projects of the 
Taicang Eco-city Development Plan. 

The initial conception of the Eco-design for Ludu industrial park would be the 
promotion of symbiosis in a specialized park of bicycle industry through inter-company 
cooperation to close the mass, energy and water loops. Because of limited data avail-
able, high costs in data measurements and collection, and some administrative and leg-
islative issues in developing phase, some contents in EDLBP tended to conceptual plan-
ning. 

 General Situation 
Ludu is a town in the south of Taicang city, and will be the sub-centre of the city 

in the near future. The town covers an area of 25.0km2 with the native population of 
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12.5 thousands and 17.5 thousands of transient population in 2003. The GDP of the 
town was 1.04 billion RMB 2003. The pillar industry of the town is bicycle manufac-
turers. Two million pieces of bicycle were exported from the town. 

The first bicycle company of Taiwan investment, Fuerkang corporation was 
founded in 1993. Over the twelve years more than sixty bicycle companies have got 
together along the both sides of nine kilometres of “Bicycle Road” and Ludu has won 
the name of “Bicycle Park” of Taicang, including four integrated assemblage factories, 
and fifty six factories for part and component production. 

A bicycle industry chains including overall assemblage, special component and 
part producers and regional purchase and sale centres are collected in the park, but the 
chain did not completely form a supply-demand relations between anchor and satellite 
enterprises within the park. Now Ludu is one of well-known bicycle export centres in 
the country. 

 Eco-Design of the park 
To meet local government’s expectation the main objective of eco-design should 

be beneficial to Ludu’s reputation as a modern EIP to attract more famous tenants and 
investments. On the other hand the tenants would pay more attention to the advantages 
of local favourable geographic conditions, transport facilities, better infrastructure and 
existent supply-demand chains of bicycle production and extensive cooperation between 
different enterprises. Based on the foregoing condition the main work of the planning 
was described as follows. 

(1) Change over from linear to circular mode of bicycle production 
a) Linear mode of bicycle production 
Traditionally bicycle production is a linear mode from raw material mining and 

processing, part and component production, assemblage, marketing and consumption, 
and steel recovery from a part of waste bicycle, as shown in Fig.2. In this mode each 
company has individual boiler station and industrial wastewater treatment system. 
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FIGURE 2: Linear mode of bicycle production 
 
b) Circular mode of bicycle production 
The eco-design of bicycle chain in circular mode is shown in Fig.3. The box en-

closed in dash lines was the planned bicycle chains in Ludu or neighbor area. To form 
rather complete chains that the boxes A and B enclosed in dash lines were suggested to 
be connected together. 

c) Integrated design for inter-enterprise mass, energy and water flow network 
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Based on the design principles of extended mass and energy network for bicycle 
industry park (Figure 3) and governmental officials’ suggestion the measures accepted 
in the planning or design are summarized as follows. 

A cogeneration power plant of electricity and steam would be built. 
Integration of Ludu recycle centre, regional recycle company and the Processor 

of regenerated resources at Taicang Harbor Zone would form a resource cycle of bicy-
cle industry. 

An industrial water treatment and reuse works and several centralized waste wa-
ter treatment plants for treatment of heavy metal wastewater, sewage and organics 
wastewater, instead of individual treatment station in each factory. 

 

 
FIGURE 3: An extended bicycle industrial network 

 
The methodology of multi-objective pinch analysis (MOPA) was tried to be ap-

plied in many factories’ coating processes for VOC emission control, saving paints and 
solvent and to use waste solvent as fuel for heating, and practice cleaner production 
within a factory. This methodology was also considered as a tool for organizing inter-
enterprise planning of mass and water flow networks. But the efforts have not been real-
ized and the causation will be discussed in the Section 4. 

 
(2) Promoting the use of environmentally friendly materials 
a) Application of durable materials, e.g. magnesium-aluminium alloy of bicycle 
framework, rim, spoke and handlebars. 
b) Using natural materials, e.g. natural rubber, instead of synthetic rubber which 
is made from petroleum. 
c) Taking advantage of recycled materials e.g. recycled aluminium, steels, and 
regenerated rubber etc. 
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(3) Eco-design of production processes 
Cleaner production in plating processes and coating processes. 
 
(4) Eco-design of recovery/regeneration systems 
The average period of bicycle renewal was 15-20 years in China during 1980s 
but that has been 3-5 years in recent years. A great amount of obsolete or used 
bicycles has been a stress on environment. In the box B of figure 4 there is a loz-
enge, which is the step of test, examination and screening of the quality and us-
ability of waste bicycles, parts or components, and then determine the directions 
of recovery or regeneration. If it is “Yes” then the waste return to Box A, but if it 
is “No” then the waste goes to secondary sorting, i.e. 
a) Reuse as second hand bicycles sold in market; 
b) Reuse of parts and components through coating or surface processing; and/or 
c) Recycle of steel, aluminium alloy, rubber and plastic from waste bicycles, 
parts and components. 
 

The planning of the Xinzhuang eco-industrial park (XEIP) 
 General situation 

The Xinzhuang industrial Park (XIP) is located at south-west of Shanghai, and 
middle west part of the Minhang District about 18 km from downtown area with con-
venient transportation. The establishment of XIP was approved by the municipality in 
1995. The planned area of the zone was 13.6km2. 

The permanent population of the zone was 16.7 thousands. Two hundred and 
sixty six manufacturers had settled in the zone by 2003, and among them 27 were the 
branches of transnational corporations ranked in Global 500, but most of them were 
SMEs. The total industrial output value of the zone was $2.5 billion in 2003. 

The pillar industries in the zone were microelectronics, machinery and automo-
bile parts-accessories, new materials and precise chemical industries. Meantime a vari-
ety of other categories of industries were coexistent with pillar industries in the zone. 
Most tenant enterprises were privately owned and belonged to SMEs. Although there 
were many big enterprises in the zone it seems that building the eco-industrial chains 
and inter-enterprise mass, energy and water flow networks will issue a great challenge 
for the planning team, because over there were no capable anchor enterprises, and the 
enterprise entrance into the zone mainly was dependent on better geographic position 
and infrastructure conditions, and reputation of the zone. Besides above mentioned facts 
the information exchange among enterprises and park’s administration was much less 
than what is needed. 

 Basic frame of the planning 
Because the structure of industrial sectors and the layout of tenant enterprise in 

the park had been relatively fixed, the task of planning should focus on regulating un-
fitted enterprises, building more convenient infrastructure and tenant distribution. 

The basic frame of the planning is shown in Fig.4, which included two aspects 
the technological work of eco-design and the software for management of an EIP. 

To support the planning a huge data base is always needed, that involves in 
broad spectra of information in time series from local geographical data, industrial sta-
tistics of individual enterprise, environmental quality and pollution data, facts of socio-
economic and management, etc. Because of practical limitations and institutional con-
finement, most information and data for this planning have not been available through 
the park’s management bureau, local and state bureaus of statistics, and enterprises. The 
planning team had tried to carry out practical monitoring and/or measurements to collect 
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some data within the financial budget. The field survey and/or investigation were very 
helpful, but the collected data or information belonged to qualitative or fragmentary. 
Therefore the plan in general tended to be conceptual and heuristic. 

 Measures of inter-enterprise planning of dynamic mass and energy flow 
network in XEIP 

Some measures to organize dynamic mass and energy flow network were 
worked out through inter-enterprise planning. 

(1) Cogeneration and centralized supply of steam and electricity. 
Originally there were two heat centres at south and north of the park using coal 

as fuel and only supplying steam to users. Owing to institutional problem most SMEs 
are equipped with own boilers, and only a small portion of the heat centres’ capacity 
was utilized. 
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FIGURE 4: Basic frame of the planning 
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In planning XEIP, the technological transformation of two heat centres into co-
generation centres of steam and electricity. The smaller boilers in many SMEs would be 
obsolete through economic policy and ageing demolition by 2010. It could be expected 
that tenant enterprises will all use the steam from cogeneration centre for heating and 
cooling. The electricity produced by the centre will be sent to local electric network and 
to park’s users. It was estimated that in this way fifty thousand tons of coal will be 
saved and 150×103 tons of CO2 emission will be cut down. 

(2) Feasibility studies on the inter-enterprise planning of integrated VOC utilisa-
tion and treatment. 

There were roughly twenty four thousand tons of organic solvents including 
toluene, Xylene and benzene expensed in the park annually. 

Based on the park’s statistics a part of solvents had been recycled, reused, 
burned and treated within the enterprises or manufacturers. For the purposes of increas-
ing the efficiency of solvent usage and cutting down VOC emission several alternative 
of cleaner production measures as improving coating processes, increasing reuse rate of 
solvent and carbon adsorption efficiency, etc. were planned for enterprise’s choice. 

The inter-enterprise planning of integrated VOC utilization and treatment were 
very difficult to be drawn up on account of the existent layout of enterprises’ distribu-
tion and the uncertainty of future change in industrial structure. 

(3) Water reuse in the park 
The plan had highlighted on enhancing water saving and wastewater recycling 

or reuse within enterprises in line with the state Law on Promotion of Cleaner Produc-
tion. It was also difficult to organize inter-enterprise water reuse. Fortunately there were 
two microelectronics companies using reverse osmosis process to produce pure water. 
The concentrate water which amounted to 11,000m3/d from the process still could meet 
the reuse water standard and be used in irrigation, road and car washing, source of man-
made pools, etc. 

 
ESSENTIAL PREREQUISITE TO MAKE THE PLAN EFFECTIVE 

Five principles have been followed in the three case studies, i.e. readjusting 
park’s layout and structure for the convenience of reconstruction of eco-industrial 
chains and enhancing efficiency; strengthening life cycle management of resource input 
and waste reuse; building the context to create a broad local community support and 
participation; promoting the application of advanced technologies in mass, energy and 
water saving and recycling; and driving the improvement of information services and 
the management of environment and safety. But it was often difficult to make the inte-
gration of principles and practical planning. 

 
Relationship of stakeholders 

 Initiatives of EIP planning 
Over the years the governments at different levels have actively pursuing the 

“Circular Economy (CE) attempting to increase resource efficiencies, reduce pollution 
and improve environmental quality. Building EIP is a necessary component of “CE”. 
Local government leaders usually hold that EIP planning will lead an industrial park to 
rapid growth in economy, sound environment and healthy society without considering 
more real conditions and restriction.  

 Tenant enterprises 
Most tenant enterprises are usually satisfied with following the laws and meeting 

the environmental standards. Their attitude towards pollutant emission often depends on 
the strength of environmental bureau’s monitoring inspection and severity of penalty. 
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Concerning material, energy and water economisation these enterprises have still held 
the balance of the investment to pay and profits to gain. Under current conditions, the 
taxes and market prices of the resources are too cheaper to move enterprises’ motivation 
of saving raw materials, energy, water and reusing byproducts from other business sec-
tors. 

 Neighbour community 
The neighbour community nearby is enthusiastic to promote IP into EIP, be-

cause it will improve local environmental condition, enhance employment and provide 
better infrastructure services. 

The neighbour community also will be the base to support EIP construction with 
accommodation, a variety of living services, labour source, etc. 

 EIP planning team 
The team which is assigned to bear the responsibility of planning task, usually is 

from a university, research institute or consultant corporation. The EIP planning shall be 
a multidisciplinary team-work. Being limited by available funds for a EIP planning the 
team usually is organized within a university or research institute and impossible to or-
ganize a multi-institutional planning team to consider and carry out the planning from 
wide-ranging scope. 

 
The prerequisite to a more effective EIP Planning 

The basic objectives to promote EIP planning are saving natural resources, pol-
lution prevention, improving environmental quality, and making waste reduction, reuse 
and recycle. A variety of other objectives are also important but it will not be discussed 
in the paper. 

Taking advantages of policy tools and strengthening the enforcement of existent 
laws and regulations should be the prerequisite to promote a more effective EIP plan. 

 Strengthening the monitoring and inspection of pollutant emission, efflu-
ent discharge and local environmental quality and making these infor-
mation open in the public media or in internet.  

These measures sound like alarm bell to enterprises against relaxation of the en-
vironmental regulations and standards, and further to improve the performance in 
cleaner production and environmental protection.. 

 Increasing the rates of pollution charges 
Pollutant discharge license system (PLS) probably is a more comprehensive sys-

tem, in terms of polluter’s pay and allowed quota of specific pollutant discharge in the 
world. But the charge rate of specific pollutant emission or discharge is too low to 
stimulate enterprises’ impetus of pollution control. Besides, many pollutants such as 
toluene, xylene, VOC, Hg, etc. have not been listed in the inventory of emission charge. 
Many enterprises in IPs often prefer paying the charges to preventing pollution. 

 Regulating the resource prices and taxes 
Government subsidy for many resource development as coal, water, petroleum, 

heavy metals, etc. have been a long term policy for many years. The prices of water, 
electricity, coal, etc. are too low to cause strong repercussion on resource saving and 
reuse in economic sectors. Only if the resource reuse and recycle project would bring 
obvious profits to the enterprise as the Guitang Group in Case one and Xintai Alcohol 
Distillery in Taicang, generally the enterprises would not pay a great quantity of in-
vestment on these projects with uncertainty. 

 Deposit-refund system for solid waste management 
This is an effective policy for solid waste management and resource reuse. In the 

Ludu park’s planning (case two) this policy will greatly encourage the used or waste 
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bicycle reclamation, and in the XEIP planning it also will enhance the reclamation of 
used electronic devices or facilities, and package materials. Currently the government 
has worked on drawing relative regulations. 

 Education and training 
This measure should be carried out parallel to the whole processes of planning 

and implementation of the EIP plan. 
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The catalogues of Best Available Techniques (BAT) play an essential role in the environmental 
policy, taking into account all environmental media (air, water, land) and energy consumption. 
Their techno-economic characterisation, however, is focused on larger installations. For the envi-
ronmentally friendly process design, especially of Small and Medium Sized Enterprises in industri-
alising countries, specific methods are required. Thus, this paper presents the Multi Objective 
Pinch Analysis (MOPA) as a suitable approach especially for the investigation of industry parks. 
This combination of methods of process integration and Operations Research (OR) allows the con-
sideration of a variety of economic and environmental process attributes for an integrated tech-
nique assessment.  
 
INTRODUCTION 

Best Available Techniques (BAT) are an essential element in European envi-
ronmental legislation as required by the Directive on Integrated Pollution Prevention 
and Control (IPPC 96/61/EG). In particular, the implementation of BAT should reduce 
waste generation and increase the efficiency of energy consumption. Due to the rapid 
growth of emerging economies and their increasing demand for resources, it is essential 
to include these countries and their special conditions in the development of new strate-
gies for sustainable development. Especially approaches suitable for Small and Medium 
Sized Enterprises (SME) are required. The paper is structured as follows: First, the con-
ditions in industrialising countries are briefly outlined. Second, the various applications 
of the pinch analysis as a systematic approach for resource efficiency in process design 
are introduced. Then, the combination of the various approaches of the Pinch Analysis 
are conjoint with a concept for Multi criteria decision support. The application of the 
presented approach dubbed Multi Objective Pinch Analysis (MOPA) is described in 
(Schollenberger and Treitz, 2005) in a later chapter.   
 
CONDITIONS IN INDUSTRIALISING COUNTRIES 

In this section an overview of the prevailing conditions in industrializing coun-
tries is given providing the basis for an appropriate mapping and defining of the re-
quirements for the methodology to be developed. Especially in industrializing countries 
that face different financial, environmental and industrial conditions compared to 
Europe, Japan or North America, a new methodology is needed to reflect these con-
straints. 

 
Financial Situation and Policy 

Promoted by various initiatives, cleaner production strategies are being applied 
increasingly throughout Europe, with the aim of raising efficiency and preventing envi-
ronmental damage. Closed loop approaches for the whole supply chain, life cycle as-
sessments (LCA) of products and connected processes and techno-economic assessment 
methods are used to improve environmental performance. However, this approach is 
still maturing in industrializing countries, where evolving financial institutions do not 
value the extra environmental and social benefits cleaner production processes provide. 
Hence, financing is a key barrier to investment in cleaner production facilities (UNEP, 
2003). In addition, the situation of economic and environmental policy and the trade 
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interweavement of industrializing countries reflect their special conditions and policy 
options. Local certification bodies in many countries are not accredited by the importing 
countries’ authorities. In order to increase the possibility of international policies to suc-
ceed, a consideration of local conditions is required while still satisfying the environ-
mental objective (Steenblik and Andrew, 2002).  

 
Environmental Conditions 

Disparity of the economic development and the scarcity of some resources in re-
lation to the population presents a challenge to the environmental policy of many indus-
trializing countries. In addition to traditional environmental problems (such as defores-
tation, erosion, water shortage etc.) the generation of emissions, wastewater, solid 
waste, or noise contributes to the pollution of the environmental media air, water and 
soil. Therefore, with respect to a sustainable development of theses countries, a signifi-
cant improvement of their resource efficiency is crucial.  

One major problem is air pollution from man-made sources, due to the increased 
use of fossil fuels (e.g. carbon dioxide (CO2) emissions), manufacturing processes  and 
the use of chemicals, causing risk to both human health and the different environmental 
compartments. Reducing air pollution is a complex task. Whereas pollution reduction 
measures of pollutants like CO2, NOx und SO2 in large industrial installations have been 
implemented comparably well via technology transfer, the pollution reduction measures 
of volatile organic compounds (VOC) are more problematic. Emitted VOC interact with 
nitrogen oxides (NOx) in the presence of sunlight to form ozone which is of major con-
cern in both urban and rural areas. Some studies indicate that in China soy bean crops 
are reduced by 10% or more and spring wheat production by 20% and 3% respectively, 
in comparison with the potential production (ECON, 2002). Overall, more than 5.3 mil-
lion hectares of land are estimated to be affected by air pollution in China with ozone 
pollution likely to increase in China in the years to come, due to several factors includ-
ing growing numbers of motor vehicles and SME (ECON, 2002). In Chile the capital 
region of Santiago is especially affected by air pollution and has been declared a satu-
rated zone in terms of ozone and three other contaminants. Thus, a decontamination 
plan must be executed for the region, and environmental impact assessments are obliga-
tory for all industrial, urban or real estate projects. 

Besides air quality, water pollution is of great importance to industrializing 
countries in order to guarantee public access to freshwater. Improved water resources 
management is necessary for most industrializing countries. Considerable health effects 
must be considered, but also significant effects to the structure of industrial applications 
can be observed. Insufficient wastewater regulations based on a central authority vs. a 
demand-oriented management can be observed. Furthermore, in China for example ine-
qualities in water supply between western vs. the coastal and eastern regions lead to 
different water perception. 

A third major concern is energy consumption. Taking into account the rising en-
ergy demand of industrializing countries, major improvements in efficiency and the 
incorporation of renewable energy sources are necessary. Furthermore, due to the highly 
regulated power supply in numerous countries the energy costs are commonly artifi-
cially fabricated prices reflecting energy policies. As a result, in most cases energy 
prices are below market prices and thus are not encourage energy saving measures. 

  
Industrial Structures 

Besides general differences between Europe and industrializing countries, geo-
graphical conditions and differences in infrastructure can determine unequal develop-
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ment within these countries. For example in China a disproportionate level of progress 
in the different regions. As true for the natural water and mineral resources, also the 
economic development of the eastern and coastal provinces outplays the underdevel-
oped western regions and inner Mongolia. Therefore, the 10th five-year plan (2001-
2005) contains 225 projects furthering development in these regions with tax advan-
tages, technological innovations and development of infrastructure (Staiger et al., 2003). 

Comparable to the general situation of Latin America, Chile is characterized by 
a structural dualism. More than 98% of the companies are small businesses. The SME 
account for less than 25% of the total sales in the non-agricultural sector, but offer more 
than 80% of the employment (Troncoso, 2000). The SME in Chile are confronted with 
several disadvantages compared to large companies. Besides the well-known absent 
effects of the economies of scale, they have no access to international capital markets 
and must pay higher interest rates on the national market. Furthermore, the lack of 
skilled human resources affects the productivity of the SME in all sectors in Chile 
(Landerretche, 2002). Additionally, the numerous regional integration agreements 
signed by Chile with other countries result in a breakdown of protection measures for 
certain products and activities thus also affecting the productivity of SME (Schiff, 
2002). 

Taking into account all of these aspects the regional and global energy and mate-
rial markets will be affected by growing economies and industrializing countries and 
vice versa. Thus, the success or failure of a sustainable, efficient and environmentally 
friendly development will impact the world’s economy. 

 
PINCH ANALYSIS APROACH  

There are various approaches and terminologies aiming at the environmental 
improvement of production processes from the plant and firm level, to the inter-
enterprise level (Geldermann et al., 2005c). Approaches such as pinch analysis and 
Process Integration Technology have a long tradition within chemical and process engi-
neering for the systematic identification of cost- and resource-efficient production op-
tions. The challenge now is the optimal recovery and reuse of materials not only for 
single substances or energy flows in large chemical installations, but also for smaller 
production processes and various mass and energy flows. 

Originally, the pinch analysis was developed for the design of heat exchanger 
networks, aiming at determining the best possible use of energy (Linnhoff and Flower, 
1978). Today, problems addressing wastewater minimization (Wang and Smith, 1994, 
Mann and Liu, 1999) and VOC recovery from waste gas streams  (Dunn and El-
Halwagi, 1994, Zhelev and Semkov, 2004) can also be solved applying the pinch ap-
proach. The algorithms for solving the design problems have been developed further in 
the past years. Some case studies have been solved by applying algorithms from the 
field of Operations Research, for example the transport algorithm (Cerda et al., 1983, 
Geldermann et al., 2005a).  

 
Thermal Pinch Analysis 

Today, the energy pinch analysis is a well established and mature design meth-
odology and a systematic approach for the minimization of lost energy. In its first step 
the maximum of energy usable for heat recovery is calculated (Umeda et al., 1979). Hot 
and cold process streams are combined to form composite curves. A minimum tempera-
ture gradient ∆Tmin must be set representing the driving force of the heat transfer. Heat 
can be exchanged between the hot and the cold streams of the investigated system. Fur-
ther heating or cooling required by the system is provided by additional utilities 
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(Linnhoff and Flower, 1978). The result of the pinch analysis is the energy saving po-
tential for the considered set of processes representing the target for the subsequent de-
sign process. Furthermore, information is obtained on the amount of heat exchange re-
quired between the appropriate streams minimising the use of hot and cold utilities. De-
pending on the chosen design constraints, which reflect technical and chemical require-
ments, the actual savings are determined resulting in an economically feasible solution. 

The fact that optimality is sought with respect to heat recovery rather than costs 
might appear to be a disadvantage. However, since the overall costs are heavily domi-
nated by the cost of energy all different networks which feature maximum heat recovery 
are suitable as starting networks for the design (Linnhoff and Flower, 1978). Conse-
quently, the layout planning is driven by a trade-off between equipment (e.g. capital for 
heat exchanger) and operating cost (energy utility cost). Therefore, an analysis consider-
ing the costs for utilities and the effect of the temperature gradient to the required sur-
face of the heat exchanger must be carried out. Finally, geometry (e.g. spiral and ex-
truded finned tubes), material (e.g. stainless steel, titanium, or hastelloy®) and the size 
of the surface influence considerably the investment necessary for the realisation of the 
savings potential (Gregorig, 1973). 

 
VOC Pinch Analysis 

The pinch analysis for VOC or multi-component VOC recovery is applied in a 
similar way to the energy pinch. Since the separation from waste gas is usually carried 
out via thermal condensation the problem can be transformed into a heat exchange prob-
lem (Dunn and El-Halwagi, 1994). On the basis of vapour pressure curves and heat ca-
pacities the amount of heat for heating and cooling can be calculated. Due to the fact 
that an almost complete condensation of solvents is possible in theory and therefore the 
optimal value for the recovery is 100 %, the system specific boundary conditions must 
be depicted from the beginning.  

Therefore, the objective value of the analysis is set to be the recovery of a cer-
tain amount of the solvents by means of condensation at minimal annual costs. Addi-
tionally, specific constraints as e.g. legal thresholds for VOC-emissions or equipment 
parameters such as operating temperature ranges must be fulfilled. The released heat of 
the cooling of the flue gas can partly be taken up by the cold gas coming out of the con-
denser. Nevertheless, the required temperature gradient for the heat transfer and possi-
ble thresholds for the outlet temperature of the gas may limit the amount to be inte-
grated directly. Thus, additional unit operations are needed for the supply of heat and 
the cooling (Parthasarathy and El-Halwagi, 2000). 

The economically optimal solution of the analysis is driven by the trade-off be-
tween the costs for heat integration and further cooling and the savings achieved by the 
reuse or the selling of the condensed solvents. Hence, the consideration of equipment 
installation and operating costs as well as costs of coolants and new solvents is required. 
Depending on the specific cost structure and legal requirements, the solutions may dif-
fer between various countries according to their local conditions. 

 
Water Pinch Analysis 

The principles of the pinch analysis can also be employed for optimising water 
consumption and other auxiliary materials as its goal is always to best possible reuse of 
the analysed resource, while adhering to the requirements of the process steps. Analo-
gous to the application of the thermal pinch analysis approach, the water pinch analysis 
can be used primarily to calculate the target values based on either minimum fresh water 
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consumption or minimum wastewater generation that maximise water reuse in a net-
work of various water streams (Mann and Liu, 1999)..  

The first pinch analysis based approach focusing entirely on water minimisation 
was a graphical methodology by (Wang and Smith, 1994), targeted at minimal water 
and wastewater flow rates through the analysis of the concentration vs. the mass load of 
the different process streams. This water-quality approach is based on a mass exchange 
problem between a set of rich process streams and a set of lean process streams. Since 
unit operations with an unchanging mass load of the water stream (e.g. cooling tower) 
can only be mapped with difficulty by the concentration vs. mass load approach, a wa-
ter-quantity approach with various modifications was originally developed based on the 
analysis of concentration vs. flow rates (Dhole et al., 1996). Furthermore, a conceptu-
ally different approach was developed by (Dunn and Bush, 2001) using stream mapping 
diagrams (composition vs. flow rate) or condition mapping diagrams (e.g. COD vs. flow 
rate), which focused on identifying different recycling possibilities of single streams 
rather than constructing composite curves.  
The fundamental difference between the thermal pinch analysis and the water pinch 
analysis lies in the definition of the quality of a stream (Linnhoff, 2004). In a water 
pinch analysis the water quality is per se multi-dimensional and characterized by vari-
ous parameters (e.g. COD, pH, suspended solids (SS), etc). If more than one quality 
parameter of the water streams is of significance to the processes they must be taken 
into account for the optimisation. Such "key contaminants" are defined as "any property 
that prevents the direct reuse of a wastewater stream" (Tainsh and Rudman, 1999). In 
fact an analysis for each key contaminant has to be executed and a design must be de-
veloped iteratively. Given that graphical approaches are generally quite complex for 
multi-parameter cases or distributed wastewater treatment systems, the use of mathe-
matical methods is more appropriate.  
 
MULTI-CRITERIA DECISION SUPPORT 

Process improvement on the basis of detailed process characteristics requires the 
simultaneous consideration of different mass and energy flows and often leads to a 
multi-criteria problem. In an integrated technique assessment selected alternative tech-
niques (from the catalogue of Best Available Techniques (BAT) including emerging 
technologies) can be compared with the status quo by using multi criteria decision sup-
port (Geldermann et al., 1999). Such a comparison based on the calculated results of 
energy and water consumption, VOC-emissions and further criteria (e.g. operating costs 
or investment) can be achieved both by a metric or a formalised multi-criteria method-
ology, as being described in the following.  

 
Metric for Resource Efficiency  

In general a metric defines a distance between two points and a norm describes 
the length of a vector and thereby induces a metric. Consequently, the relative distance 
of a technology to a target can be both used in a multi-criteria approach component-wise 
and be combined to an overall savings potential. Therefore, the assessment of the differ-
ent technical options can be done using a metric based on a modified Euclidian norm 
(Treitz et al., 2004, Geldermann et al., 2005b). 

The normed absolute distance diλ
µ norm between attribute values riλ

µ and a target 
value ri pinch by each component r1, r2, ..., rn is the base for the assessment (cf. Equation 
(1)). 

 

 



26 J. Geldermann
 

i i  pinch norm
i

i  pinch

r r
d

r r0
0

µ
λµ

λ

−
=

−
 (1) 

 
The component-wise distances diλ

µ norm are weighted by their factors wi of rela-
tive importance and added up squared (cf. Equation (2)). In this way the metric is a clas-
sical, compensatory, additive multi-criteria model. 
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Consequently, the overall savings potential δMOPA of a technology can be ex-

pressed as a percentage of the distance of the status quo to the target values (cf. Equa-
tion (3)). 
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It is important to note, that even if the domain D (cf. FIGURE 1) of considered 

technology is continuous, the metric only compares discrete technology combinations 
within the domain D.  
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FIGURE 1: Domain D of considered technology combinations Tλ

µ  

 
The shape of the domain D clearly depends on the weighting factors wi and is 

prolonged in the direction of the less weighted component (i.e. criterion). Thus, if a 
technology combination is considered in a relative assessment depends on the impor-
tance of the different criteria (cf. technology combination Tλµ in FIGURE 1 left vs. 
right). 

 
Multi Criteria Analysis with PROMETHEE 

Another approach for the comparison of different technical options is a formal-
ised multi-criteria methodology either based in a classical way on value functions (such 
as multi attribute value/utility theory (MAVT/MAUT)) or based on pair-wise compari-
sons of the different techniques in an outranking approach (such as PROMETHEE or 
ELECTRE). To investigate the technologies and execute sensitivity analyses the out-
ranking approach PROMETHEE (Brans and Mareschal, 2005) is proposed. It facilitates 
the acquisition of new insights into the problem by examining the possible alternatives, 
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receiving support for the definition of its value judgements, possibly creating new alter-
natives or identifying the requirements of further criteria and data (Treitz et al., 2005). 

Using PROMETHEE a ranking of alternatives can be calculated based on the at-
tribute values and the value judgments of the decision maker. Considering all these as-
pects it is important to carry out sensitivity analyses to iteratively re-model the decision 
problem and to facilitate learning about it. Several sensitivity analyses can be carried 
out. On the one hand the robustness of a decision can be investigated globally by chang-
ing the weighting of one criterion from zero to 100%. On the other hand the robustness 
of the parameters q, p, and s of PROMETHEE (cf. (Brans and Mareschal, 2005)) can be 
locally investigated by carrying out a Monte Carlo Simulation using specific uncertainty 
levels (e.g. ±10%) or by evaluating all possible preference type combinations (cf. 
(Treitz et al., 2005)). Another approach is the Principal Component Analysis (PCA). By 
projecting the cloud of alternatives from the Rn onto the plane of the first two principal 
components the so-called GAIA plane can be constructed (cf. FIGURE 2). 
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FIGURE 2: Projections on the GAIA Plane (Brans and Mareschal, 2005) 

 
Apart from alternatives and criteria axes, the weighting vector (the PROME-

THEE decision stick π) can be projected on the GAIA plane. By defining upper and 
lower bounds for each weight the convex hull of all valid weighting combinations can 
be projected on the GAIA plane, visualising the range of π, i.e. the PROMETHEE VI 
area. Furthermore, if attribute values are characterised by a specific uncertainty level, a 
scatter plot based on a Monte Carlo Simulation can be displayed (cf. (Treitz et al., 
2005)) that visualises the distinguishability between all alternatives (Basson, 2004).  

 
 

MULTI OBJECTIVE PINCH ANALYSIS 
The framework of Multi Objective Pinch Analysis (MOPA) comprises all the 

different aspects discussed so far (cf. FIGURE 3). Based on the current process design 
and technological and legal environment, alternative unit operations are included by the 
catalogue of Best Available Techniques and a screening of emerging technologies. The 
process characteristics, economic and country specific data are used to determine the 
optimisation potentials and the targets for the assessment. Different technological op-
tions are compared on these grounds leading to a design recommendation. The imple-
mentation determines the savings potential finally realised.    

 

 



28 J. Geldermann
 

implementation

technology screening

process analysis

characteristic figures

optimisation module

multi-criteria analysis

process design

optimisation potential and 
theoretical target values 
derived by pinch analyses for 
each resource

1

process model
data requirements

mass and energy balances
impact potentials
technical and economic figures

available technologies
data requirements

ranking of alternatives

realised saving potential

plant layout

MOPA steps outputinput

2

3

4

5

6

7

changes to the process: 
new iteration

BAT cataloge
emerging technologies

economic data
country specific data
material properties

multi-criteria methods
decision makers preferences
metrics to resource efficiency
prices, investment conditions

process data (temperatures, 
pressures, reactions etc.)
mass and energy flow data
auxiliary processes

Operations Research 
methods

plant layout planning tools
targets for each resource

 
FIGURE 3: Framework of the Multi Objective Pinch Analysis (Treitz et al., 2004) 

 
Depending on the system boundaries MOPA can be used within a single com-

pany, but also in production networks, supply chain structures or industry parks. As a 
matter of principle inter-enterprise approaches especially challenge the involved com-
panies to implement measures affecting the company considerable (cf. (Tietze-
Stöckinger, 2005)). However, focus of MOPA is the technical scope and feasibility over 
the organisational or financial questions. Case studies in Chile and China 
(Schollenberger and Treitz, 2005) demonstrate the applicability of the developed meth-
odology within companies. But newly established industry parks, the ambition to be 
certified as an eco-industry park and the relocation of various companies open the pos-
sibility to develop design alternatives beyond the boundaries of a single company.  

The first step is a model of a virtual industry park, where the substance and en-
ergy flows of several companies are merged in a model with extended system bounda-
ries. Hence, different operations and processes are treated as one company. In this case, 
additional constraints such as spatial distance of the installations must be taken into ac-
count, especially for the determination of economic feasible solutions. 

 
 

SUMMARY  
The energy pinch analysis is a well established and mature design methodology 

and a systematic approach for the minimization of lost energy in the chemical industry. 
It has been expanded for the investigation of VOC and water streams for certain indus-
trial processes. The challenge for industrial production is now the integration of these 
approaches for an overall resource efficiency. After the determination of the optimisa-
tion potential for the energy, VOC- and water streams within a production network and 
the respective theoretical target values derived by pinch analyses for each resource, a 
multi criteria decision support helps to select the most suitable compromise solution, 
taking into account the specific local circumstances.  
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Ciba® Environmental Services has developed a six-step-methodology for environmental 

projects named ECO Engineering. this methodology is described based on an example in the field 
of environmental technology. For the reduction of gaseous emissions by in- and end-of-process 
measures initially a detailed problem analysis is done in two steps, from which a clear target defini-
tion results. In the next phase the previously elaborated information is evaluated and a concept 
design based on scenario variation is done. The last action, after carrying out the measures, is a 
target control.  

The detailed example from one of Ciba Specialty Chemicals’s production sites shows how - 
by in- and end-of-process measures - a massive reduction of the initial emissions was reached. The 
result of this systematical work, which Environmental Services also carries out for third parties, 
was a dramatic reduction of the investment cost as well as a sustainable reduction of primary en-
ergy consumption and as a consequence, operating cost and secondary emissions (CO2, etc.) for a 
waste gas treatment system. 

 
INTRODUCTION 

Chemical production plants handle a variety of materials like raw materials, in-
termediates and end products as well as energies and wastes like waste air, waste water, 
solid waste etc. All these materials may have an economical and ecological impact on 
the result of the production process. The most important measure for emission reduction 
of course is the development of emission free processes. However this is approach is 
limited by chemical and physical laws. 

Assuming that this first and best way is not available it may be possible to re-
duce emission to a minimum by suitable strategic, technical and organizational meas-
ures in- and end-of-process. This may also have positive effects on a possibly required 
end-of pipe technology (EOP) in terms of investment cost as well as an increase of the 
eco-efficiency of the production plant and a reduction of secondary emission. 

 
THE ECO ENGINEERING METHODOLOGY 

Based on longstanding practical experiences Ciba Environmental Technology 
developed a six-step-methodology named “ECO Engineering”. This methodology is 
used for projects on sustainable process improvement regarding environmental prob-
lems. 

Based on this methodology the first two steps consist of a detailed analysis of 
the total system including production facilities as well as EOP equipment (Figure 1). A 
very important point of this first phase of problem analysis is to clearly define the tar-
gets of the project e.g. in terms of technical parameters to be reached (such as emission 
limits, energy savings etc.). 

 



32 N. Thissen
 

 
FIGURE 1: ECO Engineering Methodology 

 
This analysis is followed by a second (three steps) phase of solution finding by 

development of alternative proposals for improvement. In practice the three steps a) 
data assessment, b) scenario variation and c) concept design are carried out more or less 
in parallel and interconnected. 

The last phase contains decision making and carrying out the before developed 
measure(s). 

A repeated loop through the three steps of solution finding – for example in case 
of required optimisation of already developed solution(s) may be necessary. After all 
measures are carried out the target achievement is controlled. If the target is achieved 
the project is finished. Otherwise the sequence of ECO Engineering is worked through 
again – possibly in shorter time. 

The examples presented shall illustrate in more detailed what ECO Engineering 
means in practice. 

 
EMISSION REDUCTION BY ECO ENGINEERING 

Several years ago Ciba Specialty Chemicals has taken over a chemical produc-
tion site where intermediate products were produced on two production lines. The raw 
materials as well as the products of these processes contain organic compounds of dif-
ferent composition. Based on their properties and the thermodynamic process conditions 
gaseous emission (VOC) aroused. 

In the past gaseous emissions from the production processes where collected to-
gether with waste air from other sources into one waste gas stream. After treatment in 
an existing system this stream was released to the environment. 

As time went by changes in the production processes created contamination in 
the surroundings of the site. Since there was also a tightening up of the environmental 
limits reworking of the venting system starting from the reactors was required. 

 
Problem Definition 

In close cooperation with the operators team of both production lines and the 
engineers a stocktaking was carried out using the methods “situation analysis” and 
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MEFA. One of the very important results of this analysis was the fact that the main off 
gas flow rate of 5,000 m3/h was created by five partial streams (Figure 2), of which: 
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FIGURE 2: Initial Off Gas System 

 
 two high VOC loaded small flows from the vacuum systems 
 two low loaded big flows from the process ventilation system 
 one low loaded big flow from the general building ventilation system 

 
The whole off gas system was characterised by a high number of sources as well 

as high fluctuations of flow rates and pollutant concentrations, created by batchwise 
operated processes. 

 
Solution Finding 

As the main reduction potential was expected in the ventilation system, main fo-
cus was now on the next, solution finding step. Out of only organizational measures a 
scenario with a reduced flow rate of approx. 1,800 m3/h resulted (Figure 3). 
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FIGURE 3: Off Gas System after Organizational Measures 
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Essential organizational measures were: 
 elimination of aspiration places not any longer needed 
 reduction of flow rates to the effective local needs 
 specific training of the production staff 

 
On single flows that were assumed to be critical, detailed information about 

VOC concentrations were collected, either by detailed calculations or, where necessary, 
by measurements. It was possible to differentiate two streams: A small flow rate with 
high VOC concentration and a big flow rate with low VOC concentration. 

In summary the following data were found (Table 1 and 2): 
 

TABLE 1: Off Gas from Vacuum System 

Flow rate 300 m3
N/h max. 

VOC concentration 5,1 g/m3
N max. 

Others Odour-intensive organic acids 

CO2 Approx. 1 Vol.-% max. 

H2O Approx. 20 g/kg max. 

Temperature Approx. 80 °C max. 

 
TABLE 2: Off Gas from Ventilation System 

Flow rate 1500 m3
N/h max. 

Odour problem Odour-intensive organic acids 

Solids Traces of benzoic acid possible 

Others unknown 

Humidity Ambient humidity mainly 

Temperature Ambient temperature mainly 

 
The differentiation into two main streams resulted in two different treatment 

strategies: 
 joint treatment of both flows in one universal process (concept 1) 
 separate treatment of both streams in optimum adapted systems for each 

stream (concept 2) 
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FIGURE 4: Joint Treatment Concept (Concept 1) 
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FIGURE 5: Separate Treatment Concept (Concept 2) 
 
The concepts mentioned in Figure 4 and 5 were worked out during a general 

concept design. With respect to the emission limits a thermal or catalytic incineration 
system was figured out for the joint treatment of both streams. 

Considering the tough emission limits a thermal or catalytic incineration system 
may be the solution of choice for the high VOC loaded off gas, while the low polluted 
waste air may also be treated by technologies like absorption or biological treatment 
(concept 2). 

Table 3 shows the results of a first rough investment cost estimation for different 
combinations of treatment systems including also the internal engineering cost. 
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TABLE 3: Investment Cost of Various Treatment Systems 

Concept version Investment cost / 
CHF 

Concept 1: catalytic incineration (KNV) 690,000 

Concept 1: thermal incineration (TNV) 720,000 

Concept 2: catalytic incineration + absorption (KNV + AB) 800,000 

Concept 2: catalytic incineration + biofiltration (KNV + BF) 750,000 

Concept 2: thermal incineration + absorption (TNV + AB) 880,000 

Concept 2: thermal incineration + biofiltration (TNV + BF) 830,000 

 
In fact already based on investment cost some technologies were preferable, but 

for a better decision also the operating cost had to be considered (Figure 6). 
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FIGURE 6: Comparison of Lifetime Cost (5 Years Approach) 
 
At this point catalytic incineration for the joint treatment of both streams became 

the most preferred solution, while catalytic incineration in combination with biofiltra-
tion was the favourite for the separate treatment. 

Even if at this point already a high flow rate reduction had been achieved, with 
respect to the still very high cost it was decided to further optimize the process, strongly 
involving the production engineers. 

 
Solution Finding - Optimization 

In order to further optimize the measures worked out before in a second loop of 
solution finding («optimization», see Figure 1) now mainly technical measures were 
investigated: 
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 modelling of the dynamics of single process steps (avoidance/reduction of 
emission peaks) 

 modelling of the temporal order of process steps to each other (avoidance of 
simultaneous emissions) 

 closed (instead of open) reactor loadings 
 closed drumming of products 
 limitaion of the flow rates from vacuum pumps 
 modification of incapsulations to avoid continuous inertisation flows (pres-

sure hold) 
 installing nitrogen circulations instead of continuous N2-addition 
 material transfer via pumps instead of nitrogen pressure 
 temperature reduction 
 pressure optimization 

 
Through consequent realization of all worked out measures, supported by the 

cost pressure finally a solution was found which satisfied all involved parties. The total 
flow rate which finally has to be treated has been reduced to approx. 160 m3/h (Figure 
7), from originally 5,000. 
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FIGURE 7: Off Gas System after Organizational and Technical Measures 
 

Decision and Measures 
To safely meet and maintain the legal requirements from the available EOP tech-

nologies finally a small and effective catalytic incineration system was selected 
(Figure 8). 

After start up it was found that over 70 % of the time the system operates under 
autothermic conditions. This means that in this mode there is no need for additional 
energy. Thanks to the catalyst the enthalpy of the off gas is high enough to reach the 
required reaction temperature. 

The consequences are sustainable low energy consumption and with this low 
secondary emissions (CO2 etc.) and low operating cost. 
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FIGURE 8: Off Gas Treatment System 

 
Situation after the Project 
The result of this systematical approach, which on demand Environmental Services also 
carries out for third parties, was a dramatic minimization of the waste air flow of 
approx. 97 % compared with the initial situation and a reduction of the total cost over 
the first 5 years of 75 % compared to the cost for an EOP technology without process 
optimization (Figure 9). 

 

 
 

FIGURE 9: Development of Cost during the Project (5 years approach) 
 

Conclusion 
This example impressively confirms the benefit of Cibas long term experience in 

this field: Sustainable solutions with low total cost can be achieved normally only with 
a combination of different organizational and technical measures. A well structured way 
to analyze the problem and to find attractive solution is a must for a successful project. 
Simple end-of-pipe solutions are normally too expensive and not sustainable. 

The next section demonstrates some more short examples which underline the 
advantage of the structured methodology ECO Engineering. 
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MORE EXAMPLES 
 

Energy Recovery from Liquid Solvent Waste 
Approx. 7,700 to/year of liquid waste from several production lines had to be 

disposed off in an external incineration which created high annual cost. The main con-
tent of this liquid waste was organic solvents with some by-products like water, ammo-
nia and traces of halogenated hydrocarbons. 

Due to the high cost for the external disposal Environmental Technology was 
asked to investigate the situation on site with the general target to improve the situation 
regarding environmental impact, energy consumption and cost. 

A mass and energy flow analysis (MEFA) was worked out for the whole produc-
tion area being involved. The result was a mass and energy flow model which served as 
basis for the examination of different possible solutions. In cooperation with the site 
engineers and production team it was decided to utilize the energy content of the liquid 
waste for the production of steam in an on site steam generator. 

Modelling of the liquid waste collecting and handling system showed that 
approx. 80 % of the liquid waste may be used as substitute fuel in the steam generator 
on site. The remaining approx. 20 % contain too high concentrations of halogenated 
hydrocarbons and have to be disposed externally also in the future. The substitution of 
natural gas by the waste solvent resulted in energy savings of approx. 40 % for the 
steam generator. In addition equivalent savings of primary energy resources and secon-
dary emissions (CO2, pollutants) were achieved. 

As a side result it was detected that with the liquid solvent 35 to/year of product 
were disposed off. Some simple technical and organizational modifications allowed to 
reduce this product loss to 12 to/year. 

 
Nitrogen Consumption of a whole Chemical Production Site 

Several problems occurred at the nitrogen supply network of a chemical produc-
tion site: 

 continuously increasing nitrogen consumption 
 In addition, consumption peaks were satisfied by very expensive liquid nitro-

gen 
 decreasing supply safety for the production plants as the maximum capacity 

of the nitrogen supply network was reached. 
 
Because of this supply risk and the fact, that several times already production 

processes had been shut down due to low nitrogen pressure, the intention was to build a 
new nitrogen supply system. Due to the high expected cost of this solution Environ-
mental Technology was asked for support to work out and investigate an alternative 
solution. 

 
A pilot project was initiated with the target 
 cost reduction 
 increasing the general supply safety  
 simplification of the supply network 
 reduction of the nitrogen consumption 
 planning the future additional nitrogen consumption 

 
A pilot project was carried out in one production building with two independent 

production lines. Every single nitrogen consumer was investigated regarding consump-
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tion and reduction potential. This was done with the help of a detailed mass flow analy-
sis. The result of this investigation showed that simple technical modification allowed 
for approx. 15 % nitrogen savings. 

It was decided to extend the project over the whole site. This project is now un-
der work. 

 
Waste Air System of a Paint Producer 

The VOC concentration in a waste air flow of 20,000 m3/h coming from two dif-
ferent production areas of a paint producer exceeded the local limits by a factor of 10. 
Thus this customer was forced from the authorities to improve the situation and reduce 
the VOC emission dramatically. His first idea was to install an EOP plant, which was 
cost intensive regarding investment and operation due to the high flow rate. Beside that 
high CO2 emissions were expected from its operation. 

Ciba Environmental Technology was asked to improve the situation. A feasibil-
ity study aimed at estimating the reduction potential. showed that a reduction of the 
flow rate to 8,000 m3/h might be possible. To reach this target several organisational 
and technical measures would have had to be done. 

The emission reduction project was then carried out, again using the ECO Engi-
neering methodology. The result of this work was that a minimization of the flow rate to 
6,500 m3/h by mainly organizational but also some low costing technical measures 
might be possible. 

In cooperation with the customer to was decided to carry out all necessary 
measures and, due to internal needs of the paint producer, to install a regenerative ther-
mal incineration system for 8,000 m3/h. This results in low energy consumption and 
also lower CO2 and secondary pollutants emission. As the flow rate of the new system is 
far below the initial “solution” also the mass flow of residual VOC to environment is 
reduced dramatically. 

Last but not least: The investment cost for the final solution were more than  
40 % below the cost for the initial EOP Technology. 



 
 
 

PROCESS OPTIMISATION IN THE WOOD COATING SECTOR 
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Experiences of wood coating optimisations occurred in the so-called Chair Triangle, in Italy, are 
described. The Chair Triangle is a territory, lying in the North East of Italy, in which a great 
amount of small companies are producing mainly wood chairs. ENEA has carried out, in the last 
few years, some interventions aimed at improving the environmental quality affected by the chairs 
production. 
In the article interventions aimed at improving the transfer efficiency are described: the results in 
saving coating agents and in reducing VOC’s emissions are important, but not generally sufficient 
for the VOC’s directive compliance. The transfer efficiency increase brings also to a quality im-
provement. 
 
INTRODUCTION 

Within the period 1999-2002 several tests were carried out in Italy by ENEA for 
checking the applicability of the directive 99/13/CE, the so-called Solvent Directive. 

One of the most interesting case was studied in the Italian industrial district of 
Manzano, characterized by furniture production, mainly chairs. This district was se-
lected because of its peculiarities, that can be so summarized: 

 
 the product: chairs present a difficult shape for the finishing process (coat-

ing); 
 the application technique: at present the best applicable technique is spray-

ing; 
 the market: chair is generally a poor product, and it is generally difficult to 

invest great amount of money for reducing emissions. 
 
All these peculiarities cause great amount of VOC’s emissions in performing the 

coating process, and don’t allow easy to reduce them. 
This paper is aimed at describing the coating process in the Manzano district and 

the solutions found for reducing the VOC’s emissions arising from this process: it is 
possible to speak of optimisation of the process because the solution found for reducing 
VOC’s emissions present also negative costs and a material consumption reduction. 
 
THE MANZANO DISTRICT 

The district surface covers at least three municipalities, Manzano, S. Giovanni al 
Natisone, Corno di Rosazze, whose surface form a triangle (The Chair Triangle): since 
1980 other productive units can be found in the neighbourhood. The density of produc-
tive units is very high, as it pointed out in the table below: 
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TABLE 1: Density of productive units 

Year 1991 1996 Var. % 
Enterprises 955 990 2.0 
Employees 10,300 11,121 8.0 

Employees/enterprises 10.8 11.2 3.7 

Source: R. Grandinetti, Il seggiolaio e l’economia globale, CEDAM, Padova, 1999 

 

It is evident the small size of the enterprises. 

The peculiarity of the ENEA intervention in the district was the trial of applying 
the solvent Directive without using “end of pipe” solutions, given the size of the enter-
prises and their economic strength. 

Attention was paid to the production cycle, and mainly to the coating cycle, re-
sponsible of almost all VOC’s emissions.  
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FIGURE 1: The scheme of the chairs production cycle 
 
THE COATING CYCLE AND THE COATING PRODUCTS 

Generally, the most diffused coating cycle, in the district, can be so schematised: 
 
 a first step in which the wood colour is homogenized by applying a thin layer 

of a dying solution; 
 after drying, a second step in which the first paint application is performed; 
 a third step consisting in putting off mechanically the excess paint; 
 a fourth step in which the second paint application is performed; 
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Sometimes it is possible to find variations, because the paint application is per-
formed in three steps, sometimes there is a primer application after the dying homogeni-
sation, but the described coating cycle can be considered the typical cycle of the district. 

In the table below, the 1999 consumption of the coating agents, in the district, is 
pointed out: 
 

TABLE 2: Coating agents consumption in the district 

Coating Agent Number of installations using 
the coating agent 

Total quantities of coating products 
used in 1999 (kg) 

Polyurethanes 102 3,406,269.13 

Acrylic 33 143,184.50 

Polyesthers 4 11,619.80 

UV Cured  4 37,335 

Water born 5 17,145 

Nitro 11 17,800 

Ureic 11 62,643 

Alchydic 2 423 

Total 110 3,696,418.93 

 

In table three the 1999 consumption (in kg) of the dying solution is pointed out: 

 

TABLE 3: Dying solutions consumption in 1999 and relative emissions (kg) 

Water born 
solutions 

VOC’s emissions by 

Water born solutions 
Solvent 

solutions
VOC’s emissions by 

Solvent solutions 

52,5947 52,595 212,277 201,663 

  

Analysing the coating products and the dying solutions it is evident that the sub-
stitution of the products in most cases already occurred. Nitro products have been sub-
stituted by polyurethanes, while, when possible, water born product have been intro-
duced. 

Producing chairs, the shape of the product is limiting the applicable technical so-
lutions: the use of water born products can be performed only changing radically the 
coating cycle and needs additional production steps in performing the cycle: in the dis-
trict the water born products are used only in some cases, coating flat surfaces, and it is 
not possible at present to extend their use because of the final costs of the chairs that 
would not allow the marketing of the product.  

The substitution occurred also in the dying solutions, that emit more than the 
coating agents: a dying solvent solution emit 95% of its own weight, nevertheless if all 
dying solutions were water born, the district had reduced 180 tons VOC emissions. That 
is nothing compared to the total emission caused by the district, that can be estimated at 
least in 20,000 tons per year. 
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Other small contribution in reducing emissions could be achieved caring the di-
lution of the paint products before their application: it has been found that the optimal 
dilution quantity for the district lies between 20 and 30% of the paint quantity. In some 
cases diluents additions of 50% have been found, and in other cases wrong diluents ad-
ditions together with the inexistence diluents management let the diluents consumptions 
achieve the 65% of the coating consumption. These cases, where pointed out, turned in 
some months to normal diluents consumptions, saving 600-700 tons of diluents. In this 
case it was achieved an environmental improvement saving materials, but the extent 
was to limited for considering achieved the aim of the intervention. 

Considering the difficulties in substituting polyurethanes with water born paints, 
the only primary measure for complying with the solvent directive, the ENEA team ac-
tive in the district begun to consider the waste caused during the paint application. 

The shape of the product, so “three-dimensional”, full of empty spaces, deter-
mines the ways in which coating products can be applied. In the district, spraying is the 
most diffused application technique. At present spraying is also the more convenient 
application technique for the district’s companies. It is known that spraying is character-
ized by high wastes, resulting from the so called “overspray”, that is the quantity of the 
sprayed coating agent that cannot be found on the coated surface and that it is found as 
sludge if water is the mean used to collect this overspray, as generally done in the dis-
trict. The quantity of the overspray is indirectly expressed by the concept of the Transfer 
Efficiency (TE). 
 
THE TRANSFER EFFICIENCY 

In the case of this district the transfer efficiency can be expressed as the ratio be-
tween the coating agent quantity laying on the substrate (Q1) after drying and the quan-
tity of the coating agent sprayed by the application equipment (Q2). It is expressed in 
percentage, like the following mathematical formulation: 

 
Eq1    TE (%) = 100xQ1/Q2 
 
It is evident the importance of a favourable TE in reducing emissions, as pointed 

out in Figure 2. 
In the figure, on the vertical axis there is the quantity of coating to use for apply-

ing on the substrate 100g of solid content, while on the horizontal axis the correspond-
ing  TE is shown. 

 If for instance the TE value equals 50%, a 200 g of coating product is necessary 
for applying 100 g of coating product: an improvement of only 10% in  TE reduce the 
applied quantity to 166 g, with an improvement of 17% in terms of materials and an 
improvement of 34% in terms of emissions. The curve of figure 2 is a theoretical curve 
based on the equation 1. 
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FIGURE 2: Quantity of coating product necessary for applying 100 g of resin on a 
surface for different transfer efficiencies 

 
It is evident that a great emission reduction can be the consequence of  small 

improvement in the TE. The ENEA team studied the problem of transfer efficiency es-
pecially in terms of used application equipments, available technical solutions and criti-
cal analysis of common concepts. 

Generally, in the district electrostatic sprayguns are used. It allows to transfer 
better the coating agent to the chairs, because of the electric field between the gun and a 
metallic support, generally one of the hook transporting the chair during the coating 
application and drying phases. The particles of paint are micronised and then transferred 
to the surface to coat: in the case of electrostatic spraygun the particles’ trajectory is not 
linear, but it is deceiving the support, improving, at least in theory, the transfer effi-
ciency and saving materials. 

The kind of spraygun used are HVLP (high volume low pressure) because it is 
known that they show the best transfer efficiency. So there is an optimal situation given 
by the use of the most efficient spraygun in the most efficient situation (use of the elec-
trostatic systems). 

This is stated also by the application equipments producers that declare for the 
HVLP application equipment a TE between 65 and 75%. The same values are accepted 
from the Italian local authorities in authorizing the installations: in some cases the au-
thorization prescribes the use of HPLV application equipments.  

Measuring the TE in the installations, the resulting values are not congruent with 
the producers statements, not so different from other kinds of application equipments, 
like airspray, airless, airmix equipments. All these equipments have, like HPLV, lower 
TE than declared by the producers. 
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THE COATING LINE TRANSFER EFFICIENCY 
The ENEA team analysed the TE in three installations, obtaining the following 

results: 
TABLE 4: Experimental TE found in the analysed installations 

Installation Application system Average value of TE 

Installation 1 Electrostating spraying by anthropomorphic robot 38.8 % 

Installation 2 Electrostating spraying by anthropomorphic robot 47.7 % 
Installation 3 Manual spraying electrostatic application 21.3% 

 
The coating products were the same in the three cases. These results don’t mean 

a difference in the efficiency of the three installations, because it is not possible to apply 
the concept of TE, developed for lab determinations, to the line efficiency. 

The TE declared by the equipment producers is determined in normalized condi-
tions; the panel to coat is flat, the gun-panel distance is determined and fixed, etc. The 
TE achieved results, in these conditions, are not representative of the results achieved at 
the production line, with variable climatic conditions. The shape of the products, the 
line speed, the desired quality can influence greatly the TE results determined at the 
production line. It is necessary, to avoid ambiguities, to introduce another concept, the 
coating Line TE, or to specify, in case of production determination, the product to coat, 
the line speed, the paint viscosity etc. Anyway, it is not correct to refer to production 
lines with the TE declared by the producers.  

From a practical point of view, the experimental TE results obtained mean that  
peculiarities other than the application equipments have to be used in order to reduce the 
emissions. 

Analysing the factors controlling the TE, two factors were investigated: the fre-
quency of the housekeeping, and the surface humidity of the product to coat. 

The first factor can be important, because the hook carrying the chair represents 
one pole of the electric field used for optimising the coating: generally the hook house-
keeping is made every week, and experiences have been carried out for investigating the 
difference in the applied paint in case of daily housekeeping. The results are in the fol-
lowing table: 
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TABLE 5: Experimental coating results obtained variating the houskeeping fre-
quency 

LOW Frequence Houskeeping
Leg weight (g) Coated leg weight (g) Applied paint (g) 

618.0 623.7 5.7 
550.1 555.0 4.9 
575.3 580.3 5.0 
583.0 588.5 5.5 
574.2 579.2 5.0 

 Average 5.22 
 Standard deviation 0.36 

 
Daily frequence houskeeping

Leg weight (g) Coated leg weight (g) Applied paint (g) 
611.5 617.1 5.6 
588.4 594.4 6.0 
650.1 655.8 5.7 
542.2 547.9 5.7 
583.7 589.2 5.5 

 Average 5.70 
 Standard deviation 0.19 

 
Other investigations have been carried out considering the influence of the rela-

tive humidity on the effective TE. Two samples of 10 elements, conditioned at different 
relative humidity, (35% and 65%) have been coated in the same day, on the same pro-
duction line. The results are shown in the table below: it is evident, considering the 
quantity of  sprayed and applied paint (considered as solid content), that there is a great 
increase in the experimental TE, almost 51%. 

Several entrepreneurs have taken into account these results for improving their 
processes. In average, a solvent saving up to 35% has been achieved, together with an 
emission reduction up to 44 %. Only this intervention was not sufficient, in some cases, 
for complying with the directive. In other cases, the target emissions was achieved. 

A very important result is pointed out in Table 5; considering the value of the 
standard deviation got in the two samples, it is evident that the housekeeping improve-
ment allow also un improvement in the quality of the product. 
 

TABLE 6: Experimental results obtained varying the chair relative humidity 
 Elements conditioned 65% 

relative humidity 
Elements conditioned 35% 

relative humidity 
Surface Umidity 14.5 % 8.1 % 
Paint solid content 35.1 % 35.1 % 
Average quantity of the paint on the sur-
faces (S.C.) 9.4 g 6.2 g 

Average quantity of the paint sprayed 
(S.C.) 12.3 g 12.3 g 

Experimental Transfer EfFiciency 76.2 % 50.6 % 
 
 
CONCLUSIONS 

In the so-called Italian Chair district, in which a meaningful quantity of chairs 
every year is processed, it has been performed an intervention aimed at reducing VOC’s 
emissions arising from the wood coating process. Peculiarity of the intervention has 
been the choice of reducing emissions by process optimisation. The increase in the 
Transfer Efficiency, the ratio between the sprayed quantity of paint and the applied 
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quantity of paint, has been the selected mean for optimising the process. It is necessary 
to take care in using the concept of Transfer Efficiency because the value generally con-
sidered are not determined on the production lines, but in normalized lab test. The TE 
value generally accepted refer to the equipment itself, and are not linked to operating 
conditions. 

The determination of the experimental TE has evidenced, in terms of optimisa-
tion and environmental topics, the uselessness of the TE generally accepted, referring to 
lab tests. 

In the district the way for reducing emissions and optimising the process has 
been found investigating the parameters influencing the experimental TE, like the sur-
face humidity of the products to coat and the housekeeping improvement. Combining 
the two parameters in some installations an increase of the experimental TE has been 
achieved, up to 20%. In other terms it has allowed, in average, to reduce emissions up to 
44%, and to save a third of the solvent consumption. 

The process optimisation results also by the achieved quality improvement.  
In this paper it is shown how the TE concept is frequently wrongly understood. 

It seems that not the use of the application equipment, but the choice of the best applica-
tion conditions is very important in achieving the optimisation target. It is an important 
issue that could have important economic consequences. Future investigations could 
analyse the experimental TE resulting from the use of good application conditions and 
other application equipments. 
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MODELING AND SIMULATION IN THE SECTOR OF NATURAL STONES 
FOR IMPROVING THE INTERNATIONAL COMPETITION 
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An effort to implement a decision supporting tool for the activity planning in the supply chain of 
natural stones considering an international point of view is shown.  Decision supporting tool is 
based on first phase of Modelling  the processes from raw materials extraction up to the final prod-
ucts including actual trends in the sector such as the high degree of globalisation in the supply 
chain. The following phase is to use the modelling for simulate different scenarios and use results 
for a basis for evaluation. This tool should support the definition of strategies in the sector. Pro-
posed paper is a result of a project supported by ICE an Italian government agency for promoting 
the international trade of Italian companies, within the GIPIETRE Project. In the paper a model 
for part of the production process is drawn in order to quantify some cost/benefits of decisions by 
taking into account dynamic performances in the systems. Aspects concerning the production sys-
tems such as environmental or safety aspects, since the are very important  in the natural stone 
sectors could be addressed in following phases.  

 
INTRODUCTION 

The idea of the paper is to implement a decision supporting tool for the activity 
planning in the supply chain considering an international point of view.  Particular ref-
erences will be made to the sector of natural stones products. The decision supporting 
tool is based on  Modelling  the processes from raw material extraction up to final prod-
uct. In the modelling process the present situation in the sector, with an high degree of 
globalisation in the production is considered. The following phase is to use modelling 
for simulate different scenarios and use results for a basis for the evaluation. This tool 
should support the definition of strategies in the sector. 

Proposed paper is a result of a project supported by ICE a government agency 
for promoting the international trade of Italian companies, within the GIPIETRE Pro-
ject.  

Final industrial products in this sector are tiles and slabs. Tiles, 30%  of the mar-
ket are usually used as building materials for interior or exterior coverings. Slabs are 
sold to small producers for making a very customised production: mainly cemetery 
buildings but also decorative, bathrooms fountains and every thing can be done by natu-
ral stones. From the consumer point of view slabs are in effect are and intermediate 
product. 

In the present scenario Italian companies, mainly Small and Medium Enterprises 
in order to face  a global and competitive market are looking for new international 
strategies by using all the business opportunities world wide. This operation, while 
compulsory, is very critical because there are many aspects to consider in the interna-
tionalisation process, concerning know how lost, innovation procedures and thinking a 
new role for the Made in Italy.  

In the paper an effort in this direction is made referring in particular to Italian 
SMEs operating in the sector of natural stones. In this industrial sector Italy was the 
leader since few years ago. Italian stones were exported world wide. All kinds of mar-
bles and granites, from every where in the world, were worked in Italian companies and 
then sold abroad towards essentially more developed countries. In FIGURE 1 past situa-
tion is depicted. 
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A) Raw Materials (Blocks) 

from different parts of the world: Brasil, 
India, Africa, China etc. 

 
C) Final Products 

in more developed markets such as Europe, 
US, Japan etc. 

                              
 
 
 
 
 
 
 
 
 

 

FIGURE 1: Natural Stones supply chain: past situation 
 

Now the scenario is changed and Italian companies can not focus their business 
only on the production phase, but to all the supply chain. The promotion of particular 
materials, new marketing solutions and an internationalised production system are the 
only way to survive. Now first producer is China and others countries such as India or 
Spain are growing much faster than Italy. Regarding the market, this is worldwide since 
the last twenty years. Buyers of a particular kind of marble or granite can be, in fact, 
spread out every where in the world. In FIGURE 2 effective trends are shown. 

 

 

 
B) Industrial Production 
Italian was first producer 

for tiles and slabs 

 
 

C) Final Products 
in more markets such as Europe, US, Japan Italy 

but also China India etc. 

 
A+B) Raw Materials Blocks and  

Industrial Production  
Production in competitive countries (if 

possibly near the extraction place) 

Materials Flux 

FIGURE 2: Natural Stones supply chain: present trend 
 
Modelling and Simulating the Supply chain of natural stones is a first step for 

studies aimed in improving the production systems.  
In the paper a model for part of the production process will be developed in or-

der to quantify some cost/benefits of decisions by taking into account dynamic systems 
performances and criticalities. 
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Other aspects concerning the production systems such as environmental or secu-
rity aspects, even if very important  in the natural stone sectors, are not specifically ad-
dressed in this phase. In the future, in a more worldwide market, where there will be 
much more consumers than now, the problem of depletion of natural resources such as 
particular stones or marbles could be a issue. 

In the decision process anyway, decision support tools considered should take 
into account all aspect and especially aspects more connected to the strategic plan level. 

Also considering the development of just in time production systems, tools for 
the management of the whole supply chain will have a strategic role in the future com-
petition. In the following a brief description of the GIPIETRE project will follow and 
afterwards some aspects of   modelling the process representing the supply chain will be 
shown. Afterwards analysis of possible development will be considered a first consid-
erations in the evaluation will be discussed. 

 
GIPIETRE PROJECT 

GIPIETRE is the Italian acronym of new international management strategy in 
the supply chain of natural stones and is a project funded by Italian government by ICE, 
the national agency for the International trading development. GIPIETRE goal is to ana-
lyse and search for new ways of management of the supply chain in the case of   small 
and medium enterprises improving performances in this high competitive sector. In par-
ticular in the project there is an international cooperation an Italian enterprise, an Italian 
University, a company in Brazil and a company in China.  The role of the Industrial 
Engineering Department, in particular will be the ability to offer, by means of its com-
petencies in the sector of industrial plants, evaluating methods supporting   decisions on 
how to manage the production and consequently the logistic of operations from the raw 
materials to the final products in the different markets.  

How to outsource the production in countries such as in China and Brazil in the 
manner to contribute actively to the Italian technology transfer in that countries while 
increasing the competencies in other strategic activities is one of the aim of GIPIETRE.  
Today companies for surviving have continuously to improve their offers with a greater 
production gamma, they must manage a worldwide marketing network and guarantee 
maximum quality while continuous keeping lower costs.  Internationalisation became a 
compulsory solution for keeping working in the market.  

 
MODELLING THE SUPPLY CHAIN 

As stated in the introduction, the supply chain of the natural stones is an high 
competitive sector. In fact this production is facing an increasing number of new com-
petitor from fast developing countries. 

In order to keep the competition level all the supply chain from the beginning 
raw materials to the selling of final products,  passing by auxiliary materials and scraps, 
must be considered in the decision process in order to be able to search for and control 
the competitive factors.  

Specially in the sector of natural stones industrial production there is a lack of 
reference modelling and also test case application. This because is a relatively small 
industrial sector for dimension, respect to other sector such as steel industry or car in-
dustry and also because main producers are not located in most developed countries. At 
the present in Europe main producers are Italy and Spain while world wide Chine is 
becoming the first producers and other countries such as India, Brasil, Egypt are grow-
ing very fast.  
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Other models developed for general production purpose could be adapted and 
extended to the case of natural stone sectors in order to face the demand response, re-
plenishment needs, lead times and costs, continuous changing in a global market, e.g. 
(Boctor et al., 2004) (Khouja et al., 2005) (Heragury et al., 2005). The point is that this 
process is becoming the more and more complex since many production systems, even 
if they are controlled by medium and small companies, tend to be spread out all over the 
world in a production network. Usually  there is no much material about real cases,  
because the application can be too cumbersome and it could seems not too much mean-
ingful respect to well tested references cases. In order to facilitate the application to real 
case theree are also methodologies aimed in speeding up the modelling and also the 
simulation process such as lean simulation (Bruzzone and Saetta, 2002).  

In any case the first phase in the modelling of complex industrial activities must 
take into account all the process and also consider strategies aspects. Strategies can help 
developers in fixing  the goals of modelling, the first phase in each modelling activities. 

In the following the attention will be focused on the process modelling phases. 
In FIGURE 3 all mainly activity in the process are considered at a macro level. 

 

Clients  requirements 
interpretation 

Product Development

Production 
Suppliers 

Needs and expectations 
quality, safety, 
environment, sociality

Delivery 

Stakeholders

Client Delivery and 
Client Services 

 
FIGURE 3: A general process for production systems 

 
In the figure some of more important aspects are considered such as client satis-

faction, concurrent engineering, logistics issues. Today all this aspects must be faced in 
world wide way. Phases can be located in different places. When thinking to an old sec-
tor the process considered in FIGURE 3 should be compared to some consolidated prac-
tises in the sector. In FIGURE 4 production phases are shown.  
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Block transportation in the 
production site 
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Purchasing process 
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grains 

Quality Control 

Marble slabs 

Glossing

Quality Control

Granite slabs 

Calibration 

Tiles Cutting 

Marble or granite tiles 

Rectifying 

 
FIGURE 4: Production phases as today from (Saetta and Tiacci, 2005) 

 
In order to consider all strategies at least in the long time all processes consid-

ered in FIGURE 4 should be considered to change in order to improve the whole proc-
ess in FIGURE 3. This is a quite hard task considering that production phases are the 
results of process started years ago, even if could be the most effective way to try in 
order to include in the competition also new factors that should be not only production 
costs. Looking for more customer oriented, just in time solution could be allow the inte-
gration of traditional production systems. At the present solutions should be towards a 
very delocalised systems where at least production phases should be localised nearby  

 
RESULTS AND FUTURE DEVELOPMENT 

In the present paper current trends in the supply chain of natural stones were dis-
cussed. Present research efforts are shown concerning findings new strategies for in-
creasing competitiveness especially referring to Italy, by describing the GIPIETRE pro-
jects. First results of the modelling of the supply chain pointed out that  before the opti-
misation of single phases a focal point is to re-thinking about all the process in order to 
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find new possible dimensions of competition for increasing and improving competitive-
ness including important issue such as qualities, customer satisfaction and environment. 
In future research it would be interesting the development of new solutions considering 
different practises respect to the present and to evaluate the feasibility in a world wide 
environment.  
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It is argued that the globalisation of technology has a very important role in the success of any na-
tion in the international market. The experiences of many East Asian Newly Industrialized Coun-
tries (NICs) indicated that the acquisition, adaptation and absorption of technical know-how along 
with strengthening of their local technological capabilities have contributed mostly to their rapid 
economic and industrial growth. Having recognized the importance of management of global tech-
nology transfer, many Less Developed Countries (LDCs) have not designed appropriate strategies 
and policies for technology transfer and development. Therefore, the policy makers of these coun-
tries should adopt and design suitable strategies for this purpose. One of the main objective of this 
paper is to investigate global management of technological innovation by some successful East 
Asian NICs. This is mostly due to the fact that the other LDCs can draw valuable lessons from 
them. Firstly, the most critical success factors of East Asian NICs are discussed. Some invaluable 
lessons derived from their experience for other LDCs like Iran, will be proposed. 

 
INTRODUCTION 

The importance of the East Asian NICs can be attributed to their key role as the 
major world centre of international market and trade. The diversity of these countries in 
some overall economic indicators such as per capita income, natural resources and the 
process of their industrialisation, can be helpful for other developing countries with 
similar characteristics to pursue their technology development strategies. These coun-
tries could increase their productivity level as well as managerial and technological ex-
pertise by adopting appropriate macro policies for technology transfer and industrializa-
tion. They can also manage successfully to decrease their technological gap with the 
more technologically advanced countries through a catching up process. Although there 
are some differences in the stage of development, size of economy, resource endowment 
etc, the industrial and technological development experience of these countries has been 
of interest to most Less Developed Countries (LDCs), in particular those which attempt 
to promote their technological capability through the same pattern of rapid industrializa-
tion. Moreover, the analysis of the industrialization experience of East Asian NICs may 
assist the policy makers in other LDCs in an understanding of the development process. 
The success of the East Asian countries, as (Krugman, 1994) noted, shows that there has 
been a major diffusion of world technology in progress, and western nations are losing 
their traditional advantage. Therefore, the experience of successful East Asian countries 
in industrial and technological development can have valuable lessons for the other de-
veloping countries in the other parts of the world. These countries could increase their 
technological capability and managerial expertise by adopting appropriate industrial and 
technological development policies and strategies. However, many Less Developed 
Countries have not designed appropriate strategies and policies for their technological 
development yet. Therefore, the policy makers of these countries should adopt and de-
sign suitable strategies for this purpose. Iran, as a Less Developed Country, has also 
attempted to find the best approach to technology development in order to improve and 
promote its technological capabilities and industrial and economic development. 
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SUCCESS FACTORS FOR TECHNOLOGY GLOBALISATION OF EAST 
ASAN NICS 

Having surveyed the success factors of technological globalisation in East Asian 
NICs, it is widely recognized that the core of success in East Asia has been a set of ap-
propriate and interrelated policies. These were mainly focused on macroeconomic sta-
bility, human resource development, industrial and technological capability expansion 
and outward looking, strong export promotion, or what can be said as their overall tech-
nology globalisation policy. Neo-classicals’ view about the success of East Asian NICs 
confirms the fact that it was a package of policy measures in these countries and mainly 
adopting market-friendly mechanism towards acquisition of foreign investment and 
technology as well as heavy investment on human capitals that contributing more in 
their success (Booth, A. 1995; Krugman, P. 1994; Petri, P.A. 1995).  

The World Bank study (1993) indicates that the most important reason behind 
the East Asian success story can be the adoption of effective policy measures including 
outward looking strategy, designing specific programs for developing indigenous tech-
nological capability as well as their massive importation of technology, and expansion 
of a well-skilled and qualified workforce (World Bank,1993).  

According to flying geese model, many developing countries can replicate the 
models of developed countries or other successful countries with relatively similar char-
acteristics. LDCs can take advantage of being latecomers and therefore they can achieve 
rapid industrial and technological development through a catching up process (Kojima, 
K. 2000). As the experiences of some successful Newly Industrialized Countries (NICs) 
in East Asia indicate, they could reach to a very high degree of development and close 
their technological gap with developed countries. Therefore, it can be argued that the 
technological gap between LDCs and developed countries can accelerate the process of 
catching up technologically between these two groups of countries through adoption of 
an effective technology globalisation policy based on the acquisition and adaptation of 
foreign technology, as well as promotion the indigenous technological capability. The 
Flying Geese pattern of technological globalisation is transmitted from a lead goose 
(Japan) to follower geese (Newly Industrializing Countries (NICs), ASEAN 4, China, 
etc.) 

These countries adopted an appropriate technology globalisation policy concen-
trating on the development of their indigenous technological capability through efficient 
R&D activities as well as acquisition of new and modern technologies in order to pro-
mote the level of competitiveness and productivity of their products in the international 
market. As Forbes and Wield (2000) stated “many firms in these countries (East Asian 
NICs) have chosen to build innovative capacity, both incremental and process and de-
sign and product. As firms try to add more value to their activity, product innovation 
becomes increasingly key, and the role of R&D includes building independent design 
capacity for the firm” (N.Forbes and D.Wield, 2000).  

The effective implementation of technological globalisation strategies have also 
been followed by efficient and large investment in their technical human resources 
which enabled them to strengthen their absorptive capacity of high and modern tech-
nologies. Moreover, the government in these countries played a key role in directing 
and conducting efficiently these policies by providing adequate infrastructure and facili-
ties. The close co-operation between private enterprise and the government has also 
been a central element in the success of these countries. 
 
 
 



Globalisation of Technology 57
 

LESSONS TO BE LEARNED FOR OTHER LDCS SUCH AS IRAN 
Having analysed the key success factors of technological globalisation in East 

Asian NICs, one can draw some general lessons and recommendations for the other 
LDCs which decide to pursue the similar pattern of technological globalisation and de-
velopment. One of the major lessons that other LDCs can learn from the experiences of 
these countries is that they have adopted an appropriate and effective technology global-
isation strategy which has been supported by some other policy measures including de-
velopment of human resources and creation of a stable macroeconomic environment. 
Moreover, the adoption of an aggressive export promotion policy in most of these coun-
tries accelerated the flow of foreign investment and technologies in these countries and 
also the rapid integration of their economy to the world economy. These policies have 
also been very effectively implemented through the key and flexible role of their gov-
ernments. Therefore, there is an essential need for every country to design and formu-
late an appropriate technology globalisation policy based on its overall national devel-
opment strategy aiming at the development and promotion of indigenous technological 
capability as well as the adaptation and absorption of imported technology and custom-
ising it for local market.  

LDCs can take advantage of being latecomers and therefore their growth might 
be more rapid than those of their predecessors. In other words, LDCs can be more suc-
cessful through a catching up process that does not need to reinvent the wheel. There-
fore, it can be generally said that other LDCs may also achieve similar and even better 
results if they pursue the same model and a set of appropriate policies which have pre-
viously been experienced by successful countries in particular East Asian first and sec-
ond-tier NICs.  

Iran is a resource-rich country that is located in a strategic area of 1.65 million 
square kilometres, with the Caspian sea, Turkmenistan, Armenia and Azerbaijan in the 
north, Turkey and Iraq to the west, the Persian Gulf and the Gulf of Oman in the south 
and Pakistan and Afghanistan to the East. It has a population of about 70 million people. 
It is one of the major oil exporting countries in the world and also has substantial gas 
and mineral reserves including coal, chromium, copper, iron ore, lead, manganese, zinc, 
and sulphur. Moreover, Iran has a relatively good transportation network, including 
about 4,850 km of railroads, 140,200 km of highways, more than 14 main ports, 132 
ships, and 261 airports (World Factbook, 2005). Iran’s Gross National Product (GNP) 
amounted US $ 139.6 billion in 2004 and it has grown by an average growth rate of 3.9 
percent in 2004 (World Bank , 2005). 

The experience of the successful East Asian countries in rapid industrial and 
technological development can provide valuable lessons for other LDCs including Iran. 
Improvement in management of technological development capabilities in Iran has been 
for long time the center of policy concern in Iran. The policy and decision makers in 
Iranian industrial sectors have been well aware that the key to long-term economic 
growth and technological progress lies in designing and implementing effective national 
technology development policy. In other words, the country has been in great need of 
some effective policy measures to promote indigenous technological capability and 
stimulate local inventive and innovative activities. In this respect, more emphasis has 
been placed on the adoption of policies concerning effective cooperation with university 
and R&D centres and proper technology transfer mechanisms to promote innovation 
capacities of the country. 

It seems essential for Iran as a country that is highly dependent on the oil reve-
nues, to emphasise more on the expansion of non-oil exports through the greater em-
phasis on the export promotion policy. This is mostly because the country cannot rely 
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on oil revenues in the long term as the main source of foreign exchange due to declining 
oil resources and prices. Therefore, the development of a non-oil export sector capable 
of replacing the oil income is very important for the long-term and overall prosperity of 
the country. Moreover, as the experience of some successful countries in the implemen-
tation of export promotion policies shows, it would be better for Iran to strengthen pri-
marily those industries and areas in which it has already comparative and competitive 
advantage, such as labour-intensive and resource-based industries as well as some of its 
traditional handicrafts, such as carpet. In the later stage, it will be necessary to develop 
some of its high-tech and capital intensive industries. This in turn, would need a larger 
investment in developing the country's infrastructure including communication system, 
transportation networks, as well as upgrading the educational indicators and skill-level 
of the labour force in order to assimilate and absorb the new and modern technologies to 
the local conditions. 

As the experience of the East Asian countries shows, research and development 
activities have played a very important role in the promotion of indigenous technologi-
cal capability as well as absorptive capacity for importing advanced technology and 
therefore it led to their successful technology globalisation in these countries. In order 
to become competitive in the international market, Iran has to develop further its re-
search and development activities through the allocation of more R&D expenditure as 
percentage of GNP particularly industrial research. Iran needs to improve and expand its 
R&D level and activity in order to be able to acquire high and advanced technologies 
more effectively. Therefore, more investment should be allocated for R&D activities 
involved in the adaptation and assimilation of foreign technologies rather than on ini-
tially adopting them. In addition, measures are necessary to encourage R&D institutes 
to become strongly involved in supporting local industrial and technological develop-
ment in order to achieve rapid technological globalisation. It is also necessary to expand 
the industrial research institutes regarding the needs and skills of local industry, univer-
sity and the government organisations. Furthermore, special attempts are needed to co-
ordinate the research activities of industrial firms, public institutions and research cen-
tres and universities. It seems also essential to encourage private industrial firms to allo-
cate more investment in the R&D activities. This can be in the form of allocating a lar-
ger percentage of their sale in research and development activities. 

The state has also played a very important role in technological globalisation of 
East Asian NICs by providing the effective and stable macroeconomic environment. 
The state in these countries can also be characterised as strong, efficient, market 
friendly, and relatively less interventionist. The government in these countries changed 
the previous policies very quickly when they found them to be ineffective. The govern-
ment in Iran, can also effectively be involved in such a features as identification of the 
country's potential capacities and needs, formulation of appropriate policies for science 
and technology development and their goals and objectives, recognition of priorities, 
and designing a set of appropriate policy measures needed for successful industrial and 
technological development. The government can also play an important role in the rapid 
transition to an export oriented policy and rapid integration of local economy to the 
world economy. The role of government during this transition period towards a more 
outward-oriented economy is to use the country's oil based resources to improve an in-
frastructure network needed to improve the industrial products capable of competition 
in international markets. Moreover, the government should also implement appropriate 
policy measures to train adequate technicians and engineers for a successful absorption 
of imported technology. As the experiences of East Asian countries indicate, the gov-
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ernment in these countries invests in those industries in which the private sector may be 
reluctant to invest. 
 
SUMMARY AND CONCLUSIONS 

Although the experience of successful East Asian NICs cannot be easily repli-
cated, due to some dissimilarities and special circumstances unique to these countries, 
some very important success factors of these countries, such as an effective and suppor-
tive government role, export promotion policy, and human resource development policy 
as well as their technology globalisation policy, can be extremely useful for other LDCs 
including Iran that want to pursue the similar path of rapid industrial and technological 
development. Therefore, it is very important for the policy makers in LDCs like Iran to 
design effective national technology development policy that can be integrated to their 
overall development programes. 

It seems necessary to add that although LDCs can learn invaluable lessons from 
the experiences of successful East Asian NICs, however, the mere replication and imita-
tion of these successful countries' pattern and policies without considering the local 
conditions and the country's potential capacity and needs might lead to negative results. 
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The mining sector accounts for more than 50% of the Peruvian total exports and it is the fastest 
growing industry in Peru where more than 30% of the foreign direct investment has been allocated. 
Furthermore, it is the more regulated sector in Peru, so it faces, more than ever, pressure from 
regulators as well as stakeholders. Given this situation, several mining related companies decided to 
comply with the ISO 14001 standard. In this study one presents findings from ISO 14001 environ-
mental audits performed to 11 mining related companies (4 mining companies and 7 mining sub-
contractors dedicated to blasting, exploration and extraction). One finds several deviations related 
to operational control that lead to negative environmental impacts. Unfortunately, the most com-
mon response to these deviations was the adoption of end-of-pipe technologies instead of cleaner 
production techniques. Hence, one also suggests some cleaner production techniques that could be 
adopted in order to cope with these deviations. 

 
INTRODUCTION 

Peru is currently one of the favourites destinations for mining investment in 
South America. In fact, the mining industry has experienced a remarkable growth dur-
ing the last decades. Nowadays, Peru is the second biggest producer in silver; the third 
biggest producer in copper, zinc and tin; the fourth biggest producer in lead and the 
sixth biggest producer of gold in the world. Exports from mining account to 55.8 % of 
total exports and they largely responsible of the positive current account balance for the 
economy (MEM, 2005). The economic impact of the mining industry in Peru is really 
meaningful, the mining sector represents 5.8% of the Peruvian Gross Domestic Product 
(GDP) and it currently generates more than 375,000 jobs (MEM, 2005). The Fraser 
Study (McMahon, 2005) stated that Peru is in the seventh place according to its ‘best 
practice mining potential index’ out of 64 surveyed regions. Hence, mining activity in 
Peru seems also promising in the future. 

Due to its growing activity, the Peruvian mining sector is subject to several laws 
such as the Environmental Protection Code, the environmental quality standards: maxi-
mum levels for contamination (air, water, and noise), the law for closing mines, the law 
for the treatment of solid waste, the law for environmental liabilities, and so forth. 

Given the stricter regulation and the bigger pressure from different stakeholders 
(specially from potential affected populations in the last two years), several mining 
firms have decided to implement the ISO 14001 environmental standard (Glave and 
Kuramoto, 2002). Of course, there are also other reasons that have played an important 
role in adopting the ISO 14001 certification. For instance, Mongrut and Tong (2004) 
conducted a survey among 36 firms operating in different economic sectors in Peru that 
had an ISO 14001 certification as August 2003 or earlier. The seven mining firms that 
were included in their sample agreed that the most important reasons to adopt an Envi-
ronmental Management System (EMS) were its accordance to their environmental char-
ter and the potential improvement of their environmental performance. Hence, they 
seem to have a true concern for the negative environmental impacts of their operations. 
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At present, 18 (27%) out of 65 existing certified firms according to ISO 14001 
are related to the mining or metallurgical sectors (11 are mining or metallurgical com-
panies and 7 are mining subcontractors). It is also important to note that ISO 14001 cer-
tification in the Peruvian mining sector is relatively new, so the oldest certification for a 
mining operating unit was issued in 2001 (CONAM, 2005). 

From the technical point of view, many companies still work with old machiner-
ies for extraction, transportation and concentration plants. Hence, more efficient use of 
resources such as water, oil, lubricants or chemical additives can be achieved. Hence, 
there is plenty of room to apply Cleaner Production (CP) Techniques in order to reach 
higher efficiency in the consumption of resources and in their management.  

CP is the continuous application of an integrated preventive environmental strat-
egy to processes, products and services to increase overall efficiency and reduce risks to 
human beings and the environment. CP can be applied to the processes used in any in-
dustry, to products themselves and to various services provided in society (UNEP, 
2001a). 

Although, the concept of CP is currently widely known, implementation of CP 
techniques in the Peruvian mining sector is very scarce. Mining companies have 
adopted a passive strategy of complying with the current regulation called PAMA (Pro-
gram to Adequate the Environmental Management of the firm to a good environmental 
practice). According to this program, mining firms are obligated to mitigate or eliminate 
their environmental liabilities.  

In order to accomplish this task, several mining companies have adopted end-of-
pipe technologies instead of CP techniques (Mongrut S. and S. Valdivia, 2005). Hence, 
the main objective of this study is to identify possible applications of CP techniques, 
instead of end-of-pipe technologies, given the deviations found in operational controls 
through ISO 14001 environmental audits. Furthermore, this is the first study where re-
sults from ISO 14001 environmental audits to mining related companies in Peru are 
presented. 

The remaining part of the work is divided in five sections. In the next section 
one introduces the sample of mining related companies that have been audited, while in 
the third section one explains the methodology and focus of the research. In the fourth 
section, one discusses the results from environmental audits and in the fifth section one 
proposes different CP techniques in order to reduce the deviations found. The last sec-
tion concludes the study. 

 
SAMPLE OF MINING RELATED COMPANIES 

According to an official inventory of certified EMS based on ISO 14001 
(CONAM, 2005) and to supplementary information handed by Germanischer Lloyd 
Certification Company in Peru (GLC, 2005), there are 65 certified companies according 
to ISO 14001. From them, 18 companies are related to mining sector. Specifically, 9 
companies are mining units, 2 are metallurgical units and 7 are mining subcontractors. 
Units that belong to the mining or metallurgical sectors are medium or big ones that are 
mostly located in the Andean region of the country.  

According to the Ministry of Mining, Energy and Oil (MEM), medium size min-
ing units are those whose production is between 150 and 5,000 tons of minerals per day, 
while big mining units produce more than 5,000 tons of minerals per day. The seven 
subcontractors are companies with less than 100 employees. 

Table 1 shows the 18 certified mining related companies and the sample of 11 
companies for this study. As one may see, the 2 metallurgical units have been excluded 
from the sample in order to deal only with primary mining activities. 



Cleaner Production Techniques in the Peruvian Mining Sector  63
 

TABLE 1: Sample of mining related companies 

Type of com-
pany 

Companies Minerals Sample 

Mining unit Minera Milpo S.A.A Au No 

Mining unit Minera Sipan Au No 

Mining unit Orcopampa Au Yes 

Mining unit Uchuchaccua Ag Yes 

Mining unit Inversiones Mineras del Sur S.A. Au Yes 

Mining unit Minera Cerro Verde S.A.A. Cu Yes 

Mining unit Minera Barrick Misquichilca S.A.A Au No 

Mining unit BHP Billiton Tintaya S.A Cu No 

Mining unit Minera El Brocal S.A.A. Ag, Zn, Pb No 

Mining unit Consorcio Minero Horizonte S.A. Au No 

Metallurgical MINSUR S.A. - Planta Fundición Sn No 

Metallurgical Cajamarquilla Cu No 

Subcontractor Minera Coalme S.R.L.  Yes 

Subcontractor Empresa Especializada Serminas E.I.R.L.  Yes 

Subcontractor Sonda Sur Contratistas Generales S.A.  Yes 

Subcontractor Inversiones Mineras del Centro S.R.L.  Yes 

Subcontractor E.E. Minera Edisa S.A.C.  Yes 

Subcontractor Congemin J.H. S.A.C.  Yes 

Subcontractor J.H. Ingenieros S.A.C.  Yes 

 
One interesting feature from the sample of 7 subcontractors is that they are 

linked to the same main client, who supported the implementation of the EMS in each 
one of them (GLC, 2005). 

 
METHODOLOGY AND SCOPE OF THE RESEARCH 

As it was stated, the sample was composed of 11 mining related certified com-
panies. The EMS of the 11 companies was audited according to the ISO 19011 (2002) 
auditing procedures and deviations from the ISO 14001 (2004) were identified. It is 
important to note that the use of the ISO 9011 (2002) standard for auditing is required 
by the ISO 14001 (2004) to perform internal audits and certification processes. For the 
purposes of this research, only findings that lead to non-conformities were studied. 

 
Although, there are 17 aspects (elements or items) that may be audited according 

to the ISO 14001 (2004), one decided to detect deviations related only to operational 
control (item 4.4.6) because it is the element where more deviations were found and 
where more applications of CP techniques can be suggested in order to prevent negative 
environmental impacts and to reduce consumption resources1.  

                                                 
1   There are other elements where the application  of CP techniques could be also appropriate such 

as Emergency preparedness and response (4.4.7).  
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The requirement attached to item 4.4.6 states the following: “the organization 
shall identify and plan those operations that are associated with the identified significant 
environmental aspects in a consistent way with its environmental policy, objectives and 
targets. The organization can work on this by implementing procedure(s) to control 
situations where their absence could lead to deviation from the environmental policy, 
objectives and targets, by stipulating the operating criteria in the procedure(s), and by 
implementing procedures related to the identified significant environmental aspects of 
goods and services used by the organization and communicating applicable procedures 
and requirements to suppliers, including contractors”.  

Given this requirement, it is important to identify techniques that are able to re-
duce the negative environmental impacts of the firm. In order to do this in the next sec-
tion, one starts by identifying deviations in item 4.4.6 using the information collected by 
the 11 environmental audits.  

 
DETECTED DEVIATONS AND FAILURES IN OPERATIONAL CONTROL 

Table 2 shows the number of deviations related to each element (item) required 
by the ISO 14001 (2004). As one may see, the greater number of deviations is linked to 
the operational control element. (4.4.6). 

 
TABLE 2: Number of deviations detected by element of the Standard ISO 

14001:2004 per company 

                                             Company 

Element of the Standard 

1 2 3 4 5 6 7 8 9 10 11 Total 

Environmental policy - - - - - - - - - - - - 

4.3.1 Environmental aspects - 1 - 2 - - 1 2 - - - 6 

4.3.2  Legal and other requirements - - - - 2 - 1 - - - - 3 

4.3.3 Objectives, targets and programme(s) - - - - 1 - - - - - - 1 

4.4.1 Resources, roles, responsibility  - - - - - - 1 1 - - - 2 

4.4.2 Competence, training and awareness - - - - 1 - 4 3 2 2 3 15 

4.4.3  Communication - - 2 - - - - - - - - 2 

4.4.4  Documentation - - - - - - - - - - - - 

4.4.5  Control of documents - - - - 1 1 4 3 1 - - 10 

4.4.6  OPERATIONAL CONTROL 1 1 4 - 5 3 2 2 - - - 18 

4.4.7  Emergency preparedness and response 1 1 - 2 4 4 1 - - 4 - 17 

4.5.1  Monitoring and measurement - - - - - 5 3 - 5 - 1 14 

4.5.2  Evaluation of compliance 1 - 2 - 2  - - - - 2 7 

4.5.3 Nonconformity and preventive action - - - - 1 2 - 1 3 1 2 10 

4.5.4   Control of records - - - - 3 - - 1 2 1 - 7 

4.5.5   Internal audit - - - - 1 1 1 1 - - - 4 

4.6  Management review - - - - 1 1 1 - - - - 3 

 
Other important deviations were associated to the elements emergency prepar-

edness and response (4.4.7), monitoring and measurement (4.5.1), control of documents 
(4.4.5), and nonconformity, corrective and preventive action (4.5.3). However, most of 
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the applications of CP techniques can be suggested in relation to element 4.4.6. The 
main deviations related to the element 4.4.6 are depicted in Figure 1. 
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FIGURE 1: Types of deviations for “operational control” 
 
Where: 

a) 55% of the deviations are related to inadequate management of solid waste (i.e.: 
wrong classification of hazardous and non-hazardous disposal of recycle bare rests) 

b) 21% of the deviations can be traced to non-efficient consumption of electricity (at 
offices in the fields) 

c) 8% of the deviations are related to non-efficient consumption of water (over con-
sumption, leakages or filtrations in the tailings) 

d) 4% of the deviations are due to non-efficient consumption of fuel for transportation 
e) 4% of the deviations are due to spillages of oil 
f) 4% of the deviations are due to emissions of dust when transporting mineral 
g) 4% of deviations are related to wastewaters without treatment 

 
Further relevant findings related to other elements of the ISO 14001 (2004) were 

the following: 
1. Contingency plans for detected risks do not exist or were not implemented or tested 

(element 4.4.7) 
2. Workers or employees were not adequately trained, training needs were no identi-

fied or training plans do not include all relevant areas (element 4.4.2) 
3. Relevant environmental aspects (such as water consumption, energy consumption, 

waste generation, etc.) were not monitored (element 4.5.1).  
 

Although these aspects are important, one shall concentrate in the aforemen-
tioned deviations related to element 4.4.6. In order to reduce these deviations it is 
important to apply CP techniques that one discusses in the next section.   
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CLEANER PRODUCTION TECHNIQUES IN OPERATIONAL CONTROL 
According to guidelines established by the Cleaner Production area of the Pro-

duction and Consumption Branch of UNEP (UNEP, 2001b), the following alternatives 
can be considered as cleaner production techniques: 

CPT1: on-site reuse and recycling 
CPT2: good operating practices 
CPT3: technological change 
CPT4: change in raw materials 
CPT5: product changes 
When discussing the potential to implement “change in raw materials” (CPT4) 

and “product changes” (CPT5) as cleaner production techniques, one must realize that 
“concentrated minerals or gained metals” are considered final products in the extractive 
mining industry. As part of a product chain these minerals and metals are delivered to 
next processes. The only possibility to undertake a preventive strategy is by increasing 
the level of concentration of metals in the input mineral, in other words, working in 
richer areas with higher degrees of metal. In what follows, one discusses the application 
of CPT to reduce the identified deviations in operation control. 

  
a. In order to solve inadequate management of solid wastes one may apply CPT 1 re-

lated to the on-site reuse and recycling strategies. Specifically, one may accomplish 
the following tasks: 

 
Task 1: Analysis and quantification of the wastes stream (origin and des-

tination). In this respect, firms and the Ministry of Energy in Peru do not have a pol-
icy of storing and quantification. 

 
Task 2: Classification of generated wastes. On may classify generated 

waste in four (4) groups: hazardous ones/non recycle bare ones (i.e. oils with PCB, 
rests of explosives, used cans and packaging materials), hazardous ones/recycle bare 
ones (i.e. used oil), non hazardous/non recycle bare ones (i.e. old tires, rests of ce-
ramics glasses for metal tests), and non hazardous/recycle bare ones (i.e. plastics, 
paper, organic wastes, glass, debris, tailings). In this respect, it is important to find 
out whether one may send used cans and packaging materials as well as rests of 
chemical substances (i.e. oil with PCB) back to suppliers. Some providers are al-
ready assuming product chain responsibility and are able to receive their used prod-
ucts or packaging materials back (i.e. used toner for printer machines). 

 
Task 3: Adequate separation of hazardous and non hazardous wastes on-

site. This task would reduce the amounts of final wastes to be disposed of in “dis-
posal sites for hazardous wastes”. Savings are around US$ 100 per each ton of cor-
rectly separated waste (GLC, 2005). 

 
Task 4: Research on recycling possibilities in the country for hazardous and 

non hazardous wastes. In case of used oil and cars’ batteries, recycling options al-
ready exist and they are normally located in the capital city and far away from min-
ing sites. By recycling, disposal costs in landfills for hazardous wastes can be saved 
to about of US$ 150 per ton of waste (GLC, 2005). 
 

b. In order to reduce energy consumption at offices in the field one may follow good 
operating practices (CPT2). In particular the following ones: 
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Task 1: Quantification of energy streams (generation and machines or of-

fices with the highest consumed amounts) 
 
Task 2: Analysis of requirements of energy and real consumption (quantities 

and periods of time). Do requirements match with real consumption? What are the 
differences? Why? An answer to these questions can lead the company (unit) to bet-
ter planning.  

 
Task 3: Establishment of optimal periods of time or quantities for energy 

consumption for each relevant machine or place 
 

c. To reduce water consumption, leakages or filtrations in the tailings following tasks 
are directed towards CPT1 and CPT2.  

 
Task 1: Quantification of water streams (sources of water and processes or 

areas with the highest consumed amounts) 
 
Task 2: Analysis of water requirements and real consumption (quantities 

and periods of time) 
 
Task 3: Establishment of optimal of water for each relevant place 
 
Task 4: Permanent monitoring water consumption 
 

d. In order to foster an efficient consumption of fuel for transportation one may con-
sider applying CPT3 such as using cleaner energies for vehicles. 

 
e. CPT2 can be applied in order to reduce spillages of oil or fuel such as an improve-

ment of storage and connection systems. 
 

f. CPT2 can also be used to reduce the emissions of dust when transporting mineral 
such as dropping water when transporting or even building in key areas.  

 
g. CPT1 and CPT2 can be applied in order to increase the treatment of wastewaters 

such as the implementation of secondary treatment processes (biological treatment) 
and reuse of water to increase vegetation. 

It is important to communicate all these tasks to the personnel of the company 
(unit) and to train people in specialized tasks such as reuse and recycling.  
 
CONCLUSION 

In this study one has shown meaningful deviations in operation controls in min-
ing related companies operating in Peru. In particular, one has performed 11 environ-
mental audits with respect to the ISO 14001 (2004) and found that deviations can be 
traced to inadequate management of solid waste (hazardous and non hazardous waste), 
to non-efficient consumption of electricity, water, oil, and fuel for transportation, to 
spillages of oil, emissions of dust and wastewater without a proper treatment. Some CP 
techniques have been discussed in order to mitigate these deviations.  

Although it is crucial to apply CP techniques, a more comprehensive solution 
needs the construction of environmental and eco-efficient performance indicators so 
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mining related companies could monitor their performance and compare it creating the 
incentive to compete against each other. Furthermore, these indicators can serve as sig-
nals to stakeholders. So, by reporting these indicators there will be an additional incen-
tive to apply CP techniques.  
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TO INDUSTRIAL RISK MANAGEMENT 
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Due to the modifications in banking supervision the Value at Risk (VaR) played a key role in the 
development of financial risk management in the last decade. Once established there, “at-Risk”-
measures started to trickle to the industrial sector. Earnings at Risk (EaR) and Cash Flow at Risk 
(CFaR) have been suggested as tools not only to control market risks, but also to capture industry’s 
inherent production technical or management risk. The concept of CFaR is presented and different 
methods to determine risk distributions for industrial companies are analysed. Most important are 
the analytical or simulation bottom-up approaches on the one hand and the top-down-comparables 
approach on the other hand. A modified comparables approach is developed in order to cope with 
information problems of small or recently developing capital markets. It facilitates the industrial 
risk assessment and the communication with capital markets while maintaining specific require-
ments of industrial planning. 
 
EXPANDING RISK MANAGEMENT TO THE INDUSTRIAL SECTOR 

Although capital markets offer a broad variety of investment alternatives to 
hedge risks following individual preferences of the investor, intrafirm dealing with risk 
is common practice for management. Froot/Scharfstein/Stein (1993) and 
Nance/Smith/Smithson (1993) explain some reasons, why intrafirm risk management 
can offer advantages both for management and investors: Most important are imperfect 
capital markets, especially with respect to costs of financial distress and debt capacity, 
limited possibility of managers to diversify risks, information and tax asymmetries. 
Apart of these general reasons, risk management issues arise with specific events: Ex-
treme currency movements draw attention to exchange risks, earthquakes, strikes or 
other man-made emergency situations to supply chain risks (just remember, for exam-
ple, the 1999-earthquake in Taiwan, that caused severe problems to some IT-hardware 
industries) and cases like Enron to the problems of criminal management behaviour. In 
the academic community, recent proposals to transfer banking supervising regulations 
to the industrial sector motivate analyses of risk management approaches (for example 
Homburg/Uhrig-Homburg 2004, Hoitsch/Winter 2004, Kropp/Gillenkirch 2004). The 
rationale behind this is appealing: The use of “at-Risk”-measures would (i) allow the 
transfer of established knowledge from the financial to the industrial sector, (ii) create a 
common risk language between industries and capital markets and (iii) provide indus-
trial companies with a powerful tool to manage their risks. 

The transfer of knowledge can be easily seen in the subsequent introduction of 
commercial software packages, for example the extension of RiskMetricsTM to Corpo-
rateMetricsTM (cp. Lee 1999, p. 10). The importance of the common language is empha-
sized by internal risk measurement approaches that allow different capital underlying 
depending on the contracted risks. Analogies are, however, sometimes a dubious argu-
ment. It is not always clear, whether the problems are sufficiently similar in order to 
allow the application of similar solutions. In the case of transferring financial risk con-
cepts to industrial risk management this requires the careful examination of several 
questions. Among them are the adequacy of a certain risk measure at all and the chances 
of determining a reliable value of the risk measure. 
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The adequacy of a risk measure requires an analysis to know whether it com-
bines with the goals and risk attitude of a company or not. This question arises because 
there are some serious doubts about conflicts between the use of Value- or Cash-Flow-
at-Risk measures and some axiomatic risk considerations (see Guthoff/Pfingsten/Wolf 
1998). The use of VaR is regulated by banking supervisory institutions in order to pro-
tect investors and to avoid bank runs. For industrial companies, there is no direct need 
to follow banking regulations. Apart of few legal requirements of rather general charac-
ter, such as established by the German KonTraG, specific risk management regulations 
concentrate on problems like rescue plans in case of fire or chemical accidents. Hence, 
industrial companies are basically free in the choice of a risk measure and should base 
their choice on convincing advantages.  

The chances of determining a reliable value of the risk measure are important for 
its use. This point is relevant for the transparency of principal-agent-relations between 
investors and management as well as inside a company: Risk assessment of industrial 
investment projects typically requires considerations for a broad variety of risk factors, 
for the possible outcomes themselves and their probability distribution as well as for the 
interdependencies and correlations of the outcomes.  

In order to check the advantages and problems of transferring financial risk 
measures to the industrial context, the remainder of the paper is organized as follows: 
Chapter B introduces the concept of Cash Flow at Risk. Chapter C explains the basic 
approaches to CFaR-calculation, with emphasis on the special problems of an industrial 
context. Chapter D resumes the previous results and gives an outlook on the use of the 
risk measures.  
 
THE CONCEPT OF CASH FLOW AT RISK 

In quantitative cash flow risk management, we start from the assumption, that 
cash flows are risky, i. e. that the investor assigns to each possible cash flow-outcome a 
probability or a probability density. So we define cash flow-risk as the probability dis-
tribution f(x) of a company's or a projects operating cash flow x. From the probability 
distribution we compute the usual statistics, notably mean, median and variance to de-
scribe risky cash flows with few, characteristic numbers. Typical risk management cares 
more about the bad tail of the probability distribution than about the good outcomes. 
This is the focus of the “at-Risk”-measures, too.  

For a stochastic cash flow X of a period or an investment project with probabil-
ity function f(x) and distribution function F(x), we call Cash Flow at Risk (CFaRα) the 
amount of cash flow, that is reached with probability (1-α), respectively that is not 
reached with probability α (Jorion 2001). Using the distribution function F(x) = 
prob(X ≤ x) and its inverse F-1(α), we get: 

)(FCFaR -1α α=

CFaRprob(x ≤=
 

and .  )α α

 
FIGURE 1 shows the idea: The probability level α corresponds to the area below 

the probability function f(x), which is limited at the right hand side by CFaRα. There-
fore, a CFaR5 % of -2 mio € means, that with 5 %-probability the cash flow will fall 
short of 2 mio€, and with 95 %-probability cash flows will stay above this value. Note 
that different to typical VaR-definitions, the CFaR-definition dispenses sign changes.  
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sely related to the lower partial moment zero of the cash flow prob-
. The lower partial moment zero LPM0(t) is the probability that the 
 exceed the critical or target value t (cp. Fishburn 1977, p. 116):  
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bability weighting of the cash flows below the critical value results in 
oment one, LPM1(t). This is the shortfall expectation, the expected 
nce between the target value and the cash flows, which fall short of 
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ree shortfall measures (shortfall variance, shortfall curtosis) are de-
 Fishburn 1977). Their interpretation, however, is less intuitive than 
ility or the shortfall expectation. 

 is no external regulation about the adequate CFaR-probability level 
free to choose α following its own preferences. The intuition of the 
 is straightforward: the lower management sets α, the more impress-
of a project. Taking into consideration that a 1 %-probability level 
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might be very sensitive to random influences (see Pfingsten/Wagner/Wolferink 2004, 
p. 89), a 5 %- or 10 %-level seems to be more appropriate for industrial purposes.  

Although the idea of using CFaR as a measure of risk seems very appealing, its 
implementation creates various problems: One of them is the kind of risk that is in-
cluded in the analysis. While it seems in most cases preferable to use a comprehensive 
risk measure that copes with all relevant risk factors, from a practical point of view a 
concentration on specific risks may be more feasible. A second problem is that every 
cash flow or profit risk measure has to deal with the timing of cash flows. Cash flows 
arrive in different points in time and any focus on periodic cash flows creates incentives 
to postpone or anticipate payments to meet a required target or manager-specific prefer-
ences. Aggregation of cash flow risks to a risky present value creates problems, how-
ever, which are far from commonly accepted solutions (see Kruschwitz/Löffler 2005 for 
a brief survey). Furthermore, this aggregation restricts the possibilities to control for 
specific periodic cash flows. These problems are addressed in very convincing manner 
in the Value-at-Risk-concept for financial risks. The value at risk concentrates on short 
run problems, which mainly stem from price risks for financial assets and result in value 
changes (see  

FIGURE 2). The focus on short-run value effects of market price risks facilitates 
the cash flow problem, and it is possible to capture a good part of the risk of financial 
institutions using the Value at Risk. The same applies to financial risks of industrial 
companies, i. e. risks of currency exposures or interest risks. However, in industrial 
companies, financial risks are not the only important risk factor and even the price risks 
of commodities do not correspond to the typical risk behaviour of financial assets (see 
Gebhardt/Mansch 2001, p. 127; Geman 2005, pp. 49 ff.). Any industrial risk measure 
has to cope with an adequate spectrum of risk factors and risk consequences.  
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FIGURE 2: Risk specification with Value at Risk 

 
FORECASTING INDUSTRIAL COMPANIES' CASH FLOW AT RISK 

The previous considerations point out the importance of the probability distribu-
tion for cash flow risk analysis. In order to map a comprehensive spectrum of risk fac-
tors and their influence on cash flows, there are two basic approaches, namely bottom-
up-approaches and the comparables approach (see, for example, Bartram 2000). Bot-
tom-up approaches rely on a business model that identifies cash flow components 
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(sales, variable costs, fixed expenses, interests and so on) and the risk exposure of each 
component. The probability distribution of the relevant cash flow results from the duly 
aggregated probability distributions of the components. The use of business risk models 
allows to distinguish several tasks in cash flow forecasting: First, the identification of 
relevant variables and their interrelation, second the forecasting of the probability in-
formation for the risk factors and their correlation and third the consolidation of the in-
dividual risk factors probabilities to the over-all cash flow probability. The identifica-
tion of relevant variables is part of every decision model, let it be stochastic or determi-
nistic. Forecasting component probabilities and consolidating them, however, are spe-
cific tasks of business risk models. They can be addressed in different ways. 

In some cases, the stochastic characteristics of the components and its interrela-
tion allow an analytical aggregation of component variances to cash flow variance (cp. 
Lee 1999, p. 111). This is called the variance-covariance approach. Its use is appropriate 
in some cases with normal or lognormal probability distributions of the business models 
cash-flow components (see Schweitzer/Troßmann/Lawson 1989, pp. 228 ff.; Jae-
dicke/Robichek 1964, pp. 924 ff.; Dickinson 1974; Hilliard/Leitch 1975, pp. 69 ff.). 
Linear relationships between sales volume and price with stochastic error terms have 
been included in early extensions of industrial cash-flow-models (see Morrison/Kazcka 
1969, pp. 330 ff.; Constantinides/Ijiri/Leitch 1981, pp. 417 ff., Karnani 1983, pp. 187 ff.). 
They imply in the well-known quadratic sales function. Assuming a quadratic cost func-
tion, Yunker/Yunker (1982, p. 25) get stochastic profits. If the error terms are normally 
distributed, this applies to the profit distribution, too. The probability distributions of the 
variance-covariance approach are easy to handle, its application however is quite lim-
ited by the small range of probability distributions that enable analytical solutions. 
Other problems arise with the handling of dynamic effects, mean reversion or cointegra-
tion relationships (see Lee 1999, p. 112). Such effects, however, are a common behav-
iour of commodity prices as one component of industrial financial risk (see 
Gebhardt/Mansch 2001, p. 127; Geman 2005, p. 52). 

By far more open with respect to the suitable probability distributions is the use 
of historical observations of the cash flow components. Actually this approach does not 
require any assumption about component probability distribution at all. It simply puts 
component observations of past periods into the business model and calculates a cash 
flow for every period. With one cash flow for each period, the chances to get a reliable 
cash flow probability distribution using this historical simulation approach clearly de-
pend on the number of periods. Even with a fair number of historical observations, re-
mains just one fundamental problem. Cash-Flow-at-Risk-analyses are conceived to deal 
with the danger of huge losses which by nature have a very small probability. Hence 
one should suppose, that historical observations do not contain the really dangerous 
cases, even because the company would not have survived it. This shortcoming of any 
historical risk analysis is the reason for pure simulation methods, especially Monte-
Carlo-simulations as introduced by Hertz (1964) and others. 

 The idea of Monte-Carlo-simulations is very appealing. Combined with the 
Cholesky-decomposition it is able to cope with correlated risk factors (see Jorion 2001, 
pp. 303 ff.; Henking 1998, Hager 2004, Deutsch 2004, Auer 2002). Its use, however, 
depends much on the quality of input data. External commodity price risk date are more 
difficult to obtain than are interest rate or exchange rate data (see Gebhardt/Mansch 
2001, p. 133). The same applies often to internal process risk data. The difficulties to 
determine industrial cash flow risks using bottom-up risk aggregation inspired search 
for other approaches. Apart from scenario techniques, case studies and other less quanti-
tative approaches, external benchmarking offers an important method. 
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Stein/Usher/LaGattuta/Youngen (2001) presented a comparables approach which in-
tends to gain the cash flow risk directly from historical cash flow variations of a peer 
group of similar companies. FIGURE 3 shows an example of their results.  

 

$US47,31CFaR5%
Cygnus −−= , ,  $US28,50CFaR5%

Dell −−= $US5,23CFaR5%
Cola-Coca −−=

FIGURE 3: 5 %-Cash Flow at Risk for Coca-Cola, Dell and Cygnus 
(see Stein/Usher/LaGattuta/Youngen 2001, p. 9) 

 
The comparables approach has some merits: it uses a highly standardized 

method that looks directly at companies overall cash flow and avoids lot of discussion 
about risk factor probability distributions or intermediate aggregation problems. Espe-
cially, since it gives the cash flow probability distribution in a non-parametric way, it 
dispenses all the critical assumptions about normalcy of external shocks. Finally, its risk 
estimates represent the average risk of the peer group and can be actualized every three 
months with quarterly data at relatively low-cost. These characteristics make it interest-
ing for capital market purposes. However, there are some shortcomings of the compara-
bles approach too: Some of the shortcomings are common to all historical peer group 
benchmarks.  

Generally, one has to ask, whether risk estimates based on historical cash flow 
changes can be used for future outcomes. The same applies to risk estimates that stem 
from peer group companies with different business models. Scepticism is reinforced if 
the peer group contains companies of totally different areas, as is the case with retailers 
in the Dell-peer group in Stein/Usher/LaGattuta/Youngen (2001). An additional prob-
lem is to get a sufficient sample of peer companies. This problem is typical for small or 
recently developing capital markets where relatively few companies are listed on stock 
exchanges or publish quarterly results. Other shortcomings depend on the application of 
the risk estimates. While company-wide risk estimates based on historical cash flows 
may be very helpful for capital markets, they offer less information for internal invest-
ment decisions or for the control of division managers. It turns out to be difficult to 
break down the easy-to-compute and easy-to-compare characteristics of the company-
wide comparables approach to divisional or operating levels. The comparables approach 
is a top approach, not a top-down approach. 

To cope with some of these problems, we suggest a modified version of the 
comparables approach. Instead of quarterly financial result changes of diversified peer 
groups, we concentrate on changes of sector-specific stock-price-indices. This modifica-
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tion offers several advantages: (i) stock prices and their changes internalize market fore-
casts of future outcomes to the extent that the underlying market is efficient, (ii) index 
changes aggregate information about different companies whose quarterly financial 
results may be difficult to obtain or to compare, (iii) index changes are available for 
different time horizons (daily, monthly, quarterly and yearly changes), (iv) sector-
specific indices can be used to break down companies global risk estimates to the divi-
sional level, if the divisions belong to different industrial sectors. FIGURE 4 shows the 
distributions of the changes of the telecommunication stock index (Índice Setorial de 
Telecomunicações - ITEL) and the electric energy stock index (Índice de Energia 
Elétrica - IEE) at the São Paulo stock exchange (BOVESPA). They are calculated on a 
monthly basis for the years 2000 to 2004. FIGURE 5 shows the corresponding probabil-
ity distribution. It is easy to see that the index changes are not normally distributed. 
There are fat tails to the negative changes that justify specific risk considerations. 
FIGURE 5 further makes it clear, that from a risk averse point of view the electric en-
ergy index nearly dominates the telecommunication index. Hence, IEE-CFaR5 % is less 
negative than ITEL-CFaR5 % and the same applies to all risk-levels α. This information 
is helpful for the further planning of investors or companies.  
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FIGURE 4: Probability Density of Monthly Index Variations in the  
Brazilian Telecommunication and Energy Sector 

(Source: Calculated From Bovespa-Data; http://www.bovespa.com.br) 
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FIGURE 5: CFaR of Monthly Index Variations in The Brazilian Telecommunica-
tion and Energy Sector  

(Source: Calculated From Bovespa-Data; http://www.bovespa.com.br) 
 
CONCLUSION AND OUTLOOK 

The paper introduced to the concept of CFaR and its analogy to VaR. It pre-
sented different approaches to forecast the risk distribution of outcomes that is a pre-
condition to calculate CFaR for industrial companies. Cash-flow at Risk draws attention 
from the desired outcomes (the chances of a project) to the worse tail of possible out-
comes, providing at least rough insight to its possible extent. The appeal of the compa-
rables approach to risk distribution forecasting comes from its publicly available and 
revisable information base. The approach was modified to cope with specific forecast-
ing problems of small or recently developing capital markets. As an additional charac-
teristic, the modification allows to determine divisional risk estimates for diversified 
companies and to forecast with different planning horizons. Further research, however, 
will be necessary for the application of the risk information. Given the conflicts between 
the use of Value- or Cash-Flow-at-Risk measures and axiomatic risk considerations (see 
Guthoff/Pfingsten/Wolf 1998), the use of LPM1 or related risk measures may be more 
appropriate for industrial companies. Nevertheless, the presented modification offers an 
intuitive and feasible way to forecast the necessary risk distributions and to prepare de-
cisions on industrial investments. 
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Supply Chain Integration is about integrating supply chain partners in a network and ensuring the 
uninterrupted flow of goods and information in order to increase global efficiency and responsive-
ness. As organizations move from creating plans for individual production lines to entire supply 
chains it is increasingly important to recognize that decisions concerning utilization of production 
resources impact the lead times that will be experienced (see, e.g., the bullwhip effect). Long lead 
times may impose high costs due to raised work in process (WIP) levels and larger safety stocks 
caused by increased uncertainty about production prerequisites and constraints. Without appro-
priate communication and planning models, decreased lead times at one link of the supply chain do 
not automatically lead to improvements in global supply chain lead times. Supply Chain Event 
Management (SCEM) addresses the problem of identifying deviations between an original plan and 
its execution across the whole network and generates corrective actions according to predefined 
rules and, thus, improves decision making. We examine the concept of SCEM and validate its effec-
tiveness for production planning with load dependent lead times. 
 
INTRODUCTION 

The dynamics and the globalization of markets imply competition in time-based 
factors like flexibility or responsiveness to consumers, especially in case of variable 
demand patterns and various supply chain partners dispersed around the world (see 
(Huddleston, 2002), (Lee, 2000)). We define lead times as the time between the release 
of an order to the shop floor or to a supplier and the receipt of an item. Considerations 
about lead times are crucial to global competitiveness, because long lead times impose 
high costs due to rising WIP inventory levels and larger safety stocks attributable to 
increased uncertainty about production prerequisites and constraints (Karmarkar, 1989). 
Leadership of firms is achieved not only through a competitive price, but especially 
through factors like quality, direct guaranteed (reliable) deliverability, and short lead 
times (Andries & Gelders, 1995). 

In recent years and with the literal explosion of new technologies considering 
computer power, speed and memory storage, a vast range of supply chain management 
(SCM) software systems and methods has flooded the market with the aim at overcom-
ing, e.g., the time sensitive information provision problem offering tools and methods 
for better planning and control of the overall supply chain. Among these are, e.g., Ad-
vanced Planning Systems (APS), Enterprise Resource Planning (ERP), Quick Response 
Manufacturing (QRM), and SCEM (Supply Chain Event Management) just to mention 
a few. Problems arise when the management concepts behind this software are not well 
developed or these tools are not applicable or modifiable in order to reflect reality of 
shop floors. Furthermore, present tools and methods do not provide support to “intelli-
gent” planning and decision making which is partly because most software systems 
have primarily evolved from advanced bookkeeping systems. This is, e.g., the case of 
Material Requirements Planning (mrp) and Manufacturing Resource Planning (MRP II) 
systems with its inherent problems discussed at a great length in the literature. For fur-
ther reading see, e.g., (Zijm, 2000). A severe problem is the omission of capacity re-
strictions and nonlinear dependencies as, e.g., the relationship between lead times and 
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WIP (see (Voß & Woodruff, 2003) and (Voß & Woodruff, 2004). Further assuming 
“worst case” lead times for production planning in order to have enough buffer time 
leads to increased WIP and finished goods inventory (FGI) in the production system 
and, consequently, to waiting times which is addressed as the lead time syndrome in the 
literature (see (Zijm, 2000)). Intensifications arise when uncertainties and unexpected 
events like machine breakdowns and rush orders occur. In order to account for load de-
pendent lead times it is mandatory to consider both events at the tactical and operational 
stage, because these two levels are linked very tightly and influence each other signifi-
cantly (see (Dauzère-Pérès & Lasserre, 2002)). 

The concept of SCEM can help to make the production process more transparent 
(“visible”) for the decision maker within the supply chain helping to identify unex-
pected events as soon as they happen. This is especially important in times of outsourc-
ing rendering supply chain processes more and more collaborative and complex through 
additional transportation modes, different handling methods etc. and further increasing 
time sensitivity with the application of Just In Time (JIT). This results in an increased 
vulnerability to irregularities and disruptions in supply processes (Zimmermann & 
Paschke, 2003). SCEM detects events defined as deviations between plan and its execu-
tion across the multitude of processes and actors in the supply chain in time, quantity or 
quality (Mies & Voß, 2004) and triggers the necessary, time sensitive information in 
order to launch corrective actions according to predefined rules (Otto, 2003). The main 
focus of SCEM is proactive behavior, viz. to act before a problem occurs (Zimmermann 
et al., 2006). Building on the concept of visibility in the supply chain considering inter-
nal as well as external resources of a company it allows systems, such as APS, to im-
prove the quality of production plans and, therefore, to avoid unexpected events like 
capacity bottlenecks, inventory gaps or production changes. Companies’ experience, 
e.g., 20% of inventory cost reductions and 30% reduction of supply chain cycle times 
(Vernon, 2004) through SCEM applications. It is a recent concept which has attracted 
only little attention in the literature so far. In this paper we examine the concept of 
SCEM and validate its effectiveness for production planning with load dependent lead 
times. We show that the improvements of transparency in the production planning can 
lead to significant lead time reductions of supply chains. 

This paper is organized as follows. The following Section 2 highlights the theo-
retical concept of SCEM and the usage in practice with a critical evaluation of current 
approaches and software applications. Section 3 examines load dependent lead times 
giving a short overview on the problematic nature. Section 4 introduces formal model-
ing approaches of SCEM. Section 5 presents a modeling approach including SCEM as 
well as load dependent lead times in a supply chain planning model. The paper con-
cludes with a critical evaluation and future research directions. 

 
SUPPLY CHAIN EVENT MANAGEMENT 

As plans and forecasts tend to deteriorate in accuracy due to continuously chang-
ing circumstances, SCEM provides an alerting mechanism and enables companies to 
respond quickly – or automatically – to unplanned events so that deviations from the 
plan can be considered at an early stage providing information based action opportuni-
ties (see (Mies & Voß, 2004), (Vernon, 2004)). 

Theoretical Concept of SCEM 
SCEM has evolved as an extension of process control (see (Marabotti, 2005)). 

Since SCEM applications are conceived as add on’s, they need to be integrated into the 
overall SCM systems world (APS, ERP, Data Warehousing solutions, etc.) and linked 
with real-time applications like Electronic Data Interchange (EDI), Radio Frequency 
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Identification Device (RFID), mobile devices etc. (see (Zimmermann & Paschke, 
2003)) which speeds up the supply chain by delivering status notes of parts, products 
and deliveries. 

 

Supplier Manufacturer DistributorPartner

Process

Milestones

Source Make Deliver

M1 M2 M3 M4 time

Status
notes

Events

Plan

As Is

 
FIGURE 1: SCEM - The process oriented view 

SCEM is an event oriented control concept for logistic processes where a proc-
ess is defined as a continuous sequence of milestones with milestones being sensors 
deliberately positioned in the supply chain that report, processes, forwards and com-
pares state notices to the plan, e.g., notices generated through tracking and tracing 
(T&T) systems. Thus, SCEM acts like a filter so as to avoid the time consuming search 
of deviations for the manager which can concentrate on value added activities, e.g., pro-
ject control and decision making (Kilger et al., 2005). Only specifically classified no-
tices (events) give impulses for action; see FIGURE 1 (Bretzke, 2003). Event informa-
tion – categorized in high-, medium- or low-urgency alerts – are communicated to the 
responsible manager providing decision alternatives generated by norms and rules 
(Lane, 2002). By simulating the effects of occurred events, other events can be released 
in order to anticipate problems in the supply chain. Accordingly, SCEM acts like a me-
diator between supply chain planning (SCP) and -execution (SCE) by monitoring, noti-
fying, simulating, controlling and measuring activities in the supply chain (see (Mies & 
Voß, 2004), (Otto, 2003)). 

The success of every supply chain depends on the ability to prevent or resolve 
events. SCEM can use the following four modes to manage an event: repair, re-
schedule, re-plan and learn (Otto, 2003). The repair mode describes an immediate reac-
tion to an occurred deviation. The re-schedule mode re-calculates the production plan of 
the remaining processes and communicates the updated milestones to the relevant part-
ners whereas the re-plan mode includes the re-planning of the complete process in case 
of incisive events. The learn mode includes the modification of planning policies de-
rived from continuous analysis of occurred events. 

Analysis of the Status Quo of SCEM 
Regarding software, SCEM is a feature-functionality subset of SCM suites with 

its underlying problems and weaknesses influencing also the SCEM tool (see (Huang, 
2002)). A study which analyses SCEM gives reference for the need of SCEM function-
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ality in practice, but companies see more imperative call for action regarding the under-
lying systems themselves, e.g., T&T and SCM, emphasizing that the required environ-
ment for SCEM is not sufficiently matured so far. A general problem of SCEM applica-
tions lies in the definition of deviations (predefined thresholds) in order to avoid a flood 
of alerts when slight deviations occur. Since SCEM aggregates and processes data and 
information from other systems it heavily depends on the accuracy of this underlying 
data. If the data is outdated, because state notices and changes are registered with delay 
(or not at all), the system will send alerts and change proposal messages based on incor-
rect assumptions about reality (see (Kilger et al., 2005)). This is also subject to a study 
of (Kauremaa et al., 2004) that examines the general use of information technology (IT) 
in logistics and SCM which shows that, until now, only few supply chain partners are 
integrated with their SCM systems. Consequently, flexible supply networks using and 
sharing contemporary IT solutions are still a vision, but, nevertheless, on the way. For 
more detail see (Kauremaa et al., 2004). Besides, the decision support function of 
SCEM systems is still in its infancy according to (Lane, 2002). Nevertheless, the trans-
parency within the supply chain provided by the SCEM concept and quick response 
generating preventive action obviously results into reduced lead times (see (Songini, 
2001)). The higher the information visibility, the better the coordination of ordering, 
production and distribution with reduced costs and lead times avoiding effects high-
lighted with the Bullwhip effect. 

 
LOAD DEPENDENT LEAD TIMES 

Lead times are amongst the most important properties of items in the production 
planning and SCM, because short lead times are the key competition factor influencing 
flexibility and responsiveness to consumer, and service level, especially in case of vari-
able demand patterns. They depend significantly on decisions about the production mix, 
scheduling policies, and system workload presented by WIP, FGI and capacity utiliza-
tion (see (Asmundsson et al., 2002), (Asmundsson et al., 2003), (Caramanis & Anli, 
1999)). This is ignored by traditional production planning models such as, e.g., mrp or 
MRP II, ERP or APS. In fact, many problems are inherent in these systems (see (Pahl et 
al. 2004), (Pahl et al., 2005)). One underlying assumption is a fixed or “worst case” lead 
time so that lead times are regarded as an attribute of an item (see (Voß & Woodruff, 
2004)) although it is rather a consequence of system dynamics and dependencies. The 
worst case assumption serves to build buffer time rashly releasing orders in the produc-
tion system, thus increasing system workload and, consequently, lead times which was 
attempted to be avoided. Therefore, lead times should not be fixed input parameters to 
production planning, but rather a result of the planning process. Another problem is that 
the afore mentioned systems lack of capacity constraints or model capacity as an upper 
bound with costs imposed only when the capacity constraint is violated, i.e. it tightens 
only in case of 100% capacity utilization. Nevertheless, empirical evidence demon-
strates that lead times increase nonlinearly long before full resource utilization is 
reached. Thus, production plans tend to be inaccurate, because planned and realized 
lead times differ. Information inclusion about workload and unforeseen events which 
alter production plans could avoid or decrease load dependent lead times. 

There exist several ways in the literature to account for load dependent lead 
times which range from indirect modelling approaches and queuing analysis to direct 
modelling approaches. The indirect modelling approaches try to influence parameters 
that have an effect on lead times such as decisions on release policies, influences on the 
demand side or shifts away from bottlenecks in order to increase capacity, lot sizing and 
production system characteristics (see e.g. (Missbauer, 1998)). Queuing analysis and 
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network models highlight the relationship between the capacity, loading and production 
mix as well as the resulting WIP levels and effects on lead times providing important 
information on the causes of congestion phenomena (e.g. (Chen et al., 1988)). Finally, 
direct approaches of modelling load dependent lead times integrate the nonlinear de-
pendency between lead times and workload using clearing functions which model ca-
pacity as a function of system workload with a clearing factor that specifies the fraction 
of actual WIP “cleared” by a resource in a given time period. Work in this direction is 
provided by (Asmundsson et al., 2002), (Asmundsson et al., 2003), (Graves, 1986), 
(Karmarkar, 1989), (Missbauer, 1998). However, there does not exist work relating 
SCEM to load dependent lead times. In order to analyse how SCEM can be integrated 
in production planning systems (models) accounting for load dependent lead times we 
investigate the state of the art modelling approaches in the next section. 

 
FORMAL MODELING APPROACHES 

Approaches to integrate the SCEM concept into supply chains include Petri nets 
(Liu et al., 2004) or agent based technology (see (Zimmermann & Paschke, 2003), 
(Zimmermann et al., 2006). (Liu et al., 2004) present a Petri net approach which formu-
lates supply chain event rules for analysing the cause-effect relationships between 
events. They categorize possible events in task state related events, events produced by 
a task and external events and present seven basic event patterns in order to capture 
cause-effect relationships which can be combined as building blocks so as to create 
more complex Petri-nets reflecting supply chains and their interdependencies or interac-
tions. Agent-based technology is primarily used in supply chains to optimise schedules 
through decentralized coordination mechanisms or to support planning and execution of 
processes (see (Fox et al., 2000)). Nevertheless, an agent-based SCEM concept for order 
management is presented by (Zimmermann & Paschke, 2003). They argue that most 
SCEM systems whose capabilities and functionalities are added to ERP systems do not 
allow for adaptive behaviour regarding environmental changes resulting in extensive 
and time-consuming customisation of such systems and increased related costs which 
can be avoided using an agent-based approach. The authors provide SCEM functional-
ities concentrating on information gathering from different data sources across the sup-
ply chain with diverse types of agents (see Figure 2) analysing and comparing the data 
and sending reports and alerts (exception messages) if critical values are reached in or-
der to monitor orders and suborders. 

The SCEM algorithm is mapped on the agent architecture composed of three 
layers of agents: discourse agents, coordination agents, surveillance agents, and wrapper 
agents where the discourse agents on the first layer communicate the monitored infor-
mation across the supply chain interacting with the other supply chain partner’s agent 
systems. The tracking function is located at the second and third layer where the coor-
dination agent executes the order profiling function triggering surveillance agents for 
every single monitored order that collects status information from, e.g., ERP systems, 
and communicates it to the discourse agents. Wrapper agents are located at the various 
information systems allowing for query functionalities. The monitored event data and 
state notes are stored in a data warehouse for analysis purposes through, e.g., data min-
ing methods. 
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FIGURE 2: Agent-based software architecture (Zimmermann & Paschke, 2003) 

 
In order to demonstrate the influence of SCEM on lead times, we provide a con-

ceptual approach using key performance indicators (KPIs). We focus on the SCEM 
learn-function and on how it can be effectively integrated in mathematical programming 
models considering load dependent lead times for better production plans. 

 
MODELING APPROACH OF SCEM INCLUDING LOAD DEPENDENT LEAD 
TIMES 

Taking advantage of the functionality of the SCEM concept for production plan-
ning we focus on the learning and knowledge management component of SCEM. 
Therefore, we emphasize on measures derived from data analysis obtained by, e.g., sur-
veillance agents as exposed above, e.g., protocols of delayed shipments, machine break-
downs leading to further delays or the need for re-routing etc., or by data mining meth-
ods in combination with data warehouse applications. These measures are then used to 
update (enhance) production plans in the short/ midterm run (e.g., “if machine X breaks 
down twice in a time period, then use machine Y”) and to detect and repair inherent 
process problems in the long run (e.g. “buy a new machine of type X”) in order to built 
a reliable supply chain with on-time arrivals of orders or manufacturing parts, thus low 
WIP inventories, short lead times and increased customer service. For a visualization of 
the concept see FIGURE 3. The Supply Chain Process Management (SCPM) comprises 
the SCEM functionality of data collection and event evaluation and the Supply Chain 
Performance Management (SCpM) with the functionality of documentation analysis, 
learning and derivation of KPIs through aggregation and evaluation of events. 

With the help of the well known Supply Chain Operations Reference – model 
(SCOR) which allows for representing, analyzing and configuring complex supply 
chains and provides measures and indicators from highly aggregation to very detailed 
operational level, we can derive KPIs relevant for lead times. Some selected KPIs for 
evaluating supply chains are Delivery Performance (a), Order Fulfilment Performance 
(b), Supply Chain Responsiveness (c), Production Flexibility (d), Total Logistics Man-
agement Cost (e), Value-Added Employees Productivity (f), Warranty Cost (g), Cycle 
Time (h), Inventory Days of Supply (i) and Asset Turns (j) (Sürie & Wagner, 2002). 
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FIGURE 3: Lead time planning cycle 

 
A further measure influencing lead times is the reliability of a workstation (Mir-

abedini, et al., 2001) or a supply chain partner which should be considered in production 
planning regarding lead time planning and integrated in mathematical programming 
models. Such a reliability measure highlights problems of a workstation, e.g., machine 
breakdowns, maintenance work, problems with setups etc., and accounts for the selec-
tion of a workstation for production or whether to prefer a more reliable one. Conse-
quently, it contributes to more consistent and robust production plans at a tactical level, 
especially in regard of load dependent lead times and its effects also considered in se-
lecting alternative production facilities (workstations or supply chain partners). 

As outlined above, the dependency of lead times and workload can be captured 
by clearing functions whose functional form is reliant on diverse parameters. The basic 
idea of a clearing function is the expression of resource production in a time period de-
pending on a function of diverse measures of workload as, e.g., WIP and FGI levels and 
order releases. They can be derived analytically using queuing theory or by fitting them 
into empirical data which is suggested by (Karmarkar, 1989) or (Asmundsson et al., 
2003) who propose the following functional form: 

(1) ( ) ( ) ( )WKeKWf
WK

WKWf 21or 1
2

1 −−=
+

=   

Here, K1 and K2 are parameters that have to be determined by fitting the functions to 
data where K1 represents the maximum capacity of a workstation and K2 the slope of the 
clearing function. 

To demonstrate the functionality of clearing functions in mathematical pro-
gramming for production planning, we use a basic structure of a production model. The 
system is modelled as a network, where the set of nodes N={1,…, j, …} represents dif-
ferent workstations or supply chain partners that are connected by a set of directed 
transportation arcs At = {1,…,k,…} arcs. The final workstation is denoted as d ∈ . Let 
N’= N – d. The transportation arcs represent the flow of material between the different 
partners within the supply chain.  

N
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The model is stated as follows: 
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Conservation equations at each workstation: 
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State dependent capacity constraint (Clearing Function): 
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Non-zero initial loading: 
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 Non-negativity constraint: 
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The objective function minimizes the costs of WIP ( ijtijWϖ ), production 
( ijtjt Xπ ), FGI inventory ( ijtjt Iφ ), releases ( r ), shortages (ijtjt R ijtjt Sσ ) and transfer to 
other workstations a ( ijtjtYθ ). The conservation equations denote that the WIP of item i 
in workstation j in period t must equal the WIP from the preceding period minus the 
average production with Xijt denoting production over the latter half of period t and the 
first half of period t+1, deduced the raw material releases and the transfer to subsequent 
workstations. Furthermore, FGI inventory of period t must equal the FGI inventory of 
the previous period t-1 minus average production, demand, shortages and transportation 
to subsequent workstations. The clearing function is given by (5). Equation (6) gives 
non-zero initial loading; the reliability constraint is presented by equation (7) and (8) 
gives the usual non-negativity constraint. 

The reliability constraint deserves further consideration: the reliability meas-
ure , derived by data mining methods from SCEM data based on KPIs, e.g., down-
time, setup time (which could vary for specific products), throughout rate etc., must 
equal or be greater than a predefined threshold 

ijtΓ

ijα  with 0 1≤≤ ijα  which is a global 

reliability objective set as the product of all workstation reliabilities: ∏ ∈
≥Γ

),( jiAa iijt α . 

Information about the reliability measure can be derived by data-mining meth-
ods searching in data warehouse applications of SCEM systems. Furthermore, agent 
based approaches of SCEM can pass trend information about WIP and FGI inventory 
levels and, consequently, provide a better data basis for the derivation of clearing func-
tions used in mathematical models. 

 
CONCLUSIONS 

In order to increase global efficiency and responsiveness within supply chains it 
is increasingly important to ensure the uninterruptible flow of goods and information. A 
critical success factor is the creation of reliable plans in tactical production planning. 
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Especially lead times are crucial for global competitiveness, because they impose high 
costs due to rising WIP inventory levels and larger safety stocks caused by increased 
uncertainty about production prerequisites and constraints. The concept of SCEM can 
help to generate the necessary visibility within the supply chain on an operational level. 
Information derived from SCEM can be used in the short-term to avoid deviations be-
tween the planning and the execution. In a long-term view we can collect and analyze 
this data in a data warehouse for performance improvement of supply chain processes 
using KPIs. The knowledge about these performance indicators can help us to continu-
ously adjust the clearing functions in mathematical programs for tactical planning. The 
new type of clearing function can help to improve the reliability of production plans. 
Our thoughts are described in a mathematical model with an evolved type of clearing 
function. For the future, the research direction is to analyse the influence of different 
key performance indicators on clearing functions and the consequences for load de-
pendent lead times. 
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The conferences of Rio de Janeiro 1992 and Kyoto 1997 demand for new economic Instruments 
which focus on environmental protection in both macro and micro economy. An important eco-
nomic tool in that area is Joint-Implementation (JI) which is defined in Art. 6 of the Kyoto Proto-
col. It is an international instrument which intends to strengthen international co-operations be-
tween enterprises on reducing CO2-emissions. A sustainable development can only be guaranteed if 
the instrument is embedded in an optimal energy management which tries to consider especially the 
requirements of emergent countries. Special procedures should be developed for that extraordinary 
case. 

 
INTRODUCTION 

In this contribution we describe two main tools which help to establish such an 
optimal energy management within emission trading markets: TEMPI and JET.  

 
TEMPI  Technology Emissions Means Process Identification 
JET  Joint International Emissions Trading 

 
JET is constructed to assist companies and institutions and addresses the com-

plex process of managing greenhouse gas emissions in a manner consistent with appli-
cable rules and regulations. TEMPI is a forecasting tool to estimate investments in 
greenhouse gas reduction programs. It uses game-theoretic methods and bargaining pro-
cedures. The Protocol calls for strict and detailed accounting and reporting of produc-
tion of GHG emissions and holdings of emission rights. The protocol includes penalties 
for procedural mistakes or failures to comply with the requirements of the Protocol. 
Companies, operating within national registry requirements, must have accurate and up-
to-date inventories and tools for tracking, analysing, and reporting the data. In addition, 
markets are emerging, both regional and national, for trading emission credits as a new 
commodity, similar to the long-existing markets for emissions of sulphur and nitrogen 
oxides. Such markets provide economic incentives for a better management of GHG 
emissions. Tradeable credits are derived from certified reductions recorded over a pe-
riod of time and must be tracked and properly documented. Thus, a successful trading 
system calls for accurate and verifiable records of all transactions and data such as serial 
numbers, transacting entities, account balances, and certification status. Proper under-
pinning and support for these various interactions and mechanisms require specialized 
data/information management software that includes a registry system for tracking hold-
ings of metric tonnes of CO2e in various protocol-based categories and a transaction 
logging system that records and updates transfers, sales, purchases of CO2e that com-
municates with official registries. At the moment several distinguished registries exist. 

In the contribution we introduce actual business solutions as well as the scientific 
framework of the management, forecasting and optimisation process within emission 
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trading markets. In the presentation, we refer especially to emerging markets and their 
role within such economic processes.1 

 
MANAGEMENT OF GREENHOUSE GAS EMISSIONS WITHIN EMERGING 
MARKETS 

The Kyoto Protocol of the UN Framework Convention on Climate Change 
(UNFCCC) calls for a complex new structure for greenhouse gas management that im-
plies both responsibilities and opportunities for countries, companies, and financial 
markets (Böhringer, 2003). The standard measurement unit for GHG is the 
CO2equivalent (CO2e) metric tonne that takes into account the physical effects of differ-
ent gases. There are four types of emission units:  

 
 Assigned Amounts (AAU) 

National emissions rights for the industrial nations based on targets set 
  by the Protocol for the period 2008-2012 
 Certified Emissions Reduction (CER) 

Tradeable emission rights originating from Clean Development 
Mechanism projects in developing nations 
 Emission Reduction Unit (ERU) 

Emission rights originating from Joint Implementation projects between 
  industrial countries 
 Removal Unit (RMU) 

Emission rights originating from absorption of GHG in industrial 
  countries (e.g. sinks such as forests) 

 
Achieving the goals of the Kyoto Protocol, or of other regimes for reducing 

greenhouse gas emissions, will require multidimensional approaches, especially 
 
 technological 
 social 
 economical 

 
which have a special focus for emerging markets and involve complex, long-

term, transparent, and verifiable interactions among governments, agencies, and the 
private sector, (see for example Hansjürgens, 2000 and Hansjürgens, 2003). The Proto-
col calls for strict and detailed accounting and reporting of production of GHG emis-
sions and holdings of emission rights. The protocol includes penalties for procedural 
mistakes or failures to comply with the requirements of the Protocol. Companies, oper-
ating within national registry requirements, must have accurate and up-to-date invento-
ries and tools for tracking, analysing, and reporting the data. In addition, markets are 
emerging, both regional and national, for trading emission credits as a new commodity, 
similar to the long-existing markets for emissions of sulphur and nitrogen oxides. Such 
markets provide economic incentives for a better management of GHG emissions. 
Tradeable credits are derived from certified reductions recorded over a period of time 
and must be tracked and properly documented. Thus, a successful trading system calls 
for accurate and verifiable records of all transactions and data such as serial numbers, 
transacting entities, account balances, and certification status. Proper underpinning and 
support for these various interactions and mechanisms require specialized 
                                                 

1 This overview is a summary of Reed (2001) and Grimm et al. (2006) where VEREGISTER is 
described in detail. 
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data/information management software that includes a registry system for tracking hold-
ings of metric tonnes of CO2e in various Protocol-based categories and a transaction 
logging system that records and updates transfers, sales, purchases of CO2e that com-
municates with official registries. At the moment several distinguished registries exist; 
one of them is VEREGISTER (http://www.veregister.com) which was developed by 
Alan Reed. As described below, Veregister provides tools for the following purposes: 

 
 maintain communication between the applications 
 provide appropriate documentation and reports 
 meet all United Nations requirements 

 
In addition, the system contains software for GIS-based geospatial characteriza-

tion and analysis of GHG sources and sinks, a valuable tool for planning and policy 
development. The details are described in (Grimm et al., 2006). Optimal energy man-
agement according to such processes demand for further analytic tools. 

 
OPTIMAL ENERGY MANAGEMENT AND EMERGING MARKETS 

There are only a few approaches which try to simulate and forecast investments 
in the field of emission trading markets. In the following we want to describe the ana-
lytic tool TEMPI (Technology Emissions Means Process Identification) and a possible 
combination of TEMPI to JET (Joint International Emissions Trading). 

TEMPI bases on the so-called TEM model (Technology-Emissions-Means 
model) which was developed by (Pickl, 1998a), providing the opportunity to simulate 
such an economic behaviour. It is a model in the field of economathematic models 
which integrates economic and technical investments in a coupled time-discrete nonlin-
ear system of equations. The Framework Convention on Climate Change (FCCC) de-
mands for reductions in greenhouse gas emissions by the industrialized countries. On 
the other hand, developing countries are expanding their energy consumption, which 
leads to increased levels of greenhouse gas emissions. The preparation of an optimal 
management tool in that field requires the possibility to identify, assess, compare and 
forecast several technological options. For that reason, TEMPI (Technology Emissions 
Means Process Identification) was developed as a comfortable software. TEMPI bases 
on the TEM model which will be explained in the following. According to the FCCC 
(Article 4, paragraph 2(a)), additional control parameters are incorporated which have to 
be determined iteratively, according to a game theoretic negotiation process. The itera-
tive solution to the nonlinear time-discrete TEM model is an approach to initiate coop-
erative behaviour in the realization of joint CO2-reduction initiatives and programs . 
The cooperative aspect comes more and more in the centre of interest. (Hansjürgens, 
2003) gives a very good overview about this field. 
 
TEMPI offers several possibilities within an emissions data management: 

 
 Documentation for the user 
 Interactive learning system for the user 
 Data bank access via the internet (ORACLE) 

 
The TEM model can be expanded to model Emission Trading Markets. 

http://www.veregister.com/
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FIGURE 3: TEMPI-Analytic instrument to simulate greenhouse gas emissions and 
investments 

 
EXTENSION OF THE TEM MODEL TO EMISSION TRADING MARKET-
PROTECTED AUCTIONING PROCEDURES AND ALGORITHMS (PAPA) 

Reductions in emissions will produce units to be traded. So, the focus is on both 
to reduce GHG and to establish information management that will provide the necessary 
administrative framework of the reductions that serve as the instruments for gaining 
wealth in the marketplace. Even at this elementary stage of the system, it is clear that 
the 21st Century will be characterized by the creation of billions of dollars worth of new 
tradeable certificates, representing not a share of a producing entity, but rather a number 
of metric tonnes of an ephemeral byproduct of modern industry, tonnes which no longer 
exist. With so much at stake, the emissions trading market will rely on the institution of 
new means for originating information about the output of GHG emissions and the loca-
tion, control, and ownership of those emissions. The TEM model should be enlarged in 
the following direction: 

 
 How can a joined international emission trading process be described? 
 How can the determined goals be reached with such a process? 
 How can the special profile of emerging markets be considered? 
 

The presentation gives first answers to these actual problems. Mathematical so-
lutions are as well presented as a first software prototype TEMPII. We will focus on a 
new cooperative approach which tries to consider the relationship between industrial-
ized countries and emergent countries. Additionally to Grimm et al. 2006, details of 
stability and “protected auctioning procedures and algorithms (PAPA)” should be con-
sidered and presented. 
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Presented paper focuses on the selection of appropriate process integration methodologies and their 
tuning for integrated management of resources in a cluster of small and medium enterprises (SME) 
allocated in close proximity. Proposed integration aims the improvement of industrial efficiency 
with strong emphasis on the environmental impact. The process systems engineering approach 
possesses an arsenal of weaponry suitable for creative implementation in the area of small and 
large size systems, their integration and optimisation. Four major methodologies are proposed for 
direct implementation: The first one explores the concept of integration between areas of integrity; 
the second utilises the marginal value concept; the third one attempts to amalgamate two successful 
systems integration tools such as Pinch analysis and eMergy analysis entering the domain of multi-
ple resources management, and the four one addresses the energy minimisation of activated sludge 
water treatment plants as centralised eco-service helping decision making towards on-site treat-
ment. The paper reports the progress of an on going project supported by the Environment Protec-
tion Agency of Ireland. It discusses challenges related to the integration, resources management 
and environmentally benign operation of urban based SMEs forming clusters of mutual trust and 
benefits known as Eco-industrial network.   
 
INTRODUCTION  

During the last 20 years in Europe appeared a new type of industrial sites replac-
ing the large scale operations – the industrial estates where large number of small and 
medium enterprises (SMEs) find convenient allocation close to the market and the work 
power. At first sight, this new conglomerate of different and randomly mushrooming 
activities seams to be quite independent and indifferent. Despite of the facts that an in-
dustrial estate can include wide range of industrial activities, there are factors of com-
mon ground that justify the specification of a system. Such is the common ground of 
allocation, the common environmental constraints, the energy supply, sewage and other 
components of common infrastructure (roads, phone, communication, etc.). Shortly, it is 
a new type of system that needs to be studied, analysed and transferred to more effi-
ciently leaving organism for the benefit of the society. The main goal of such a study 
would be the maximisation of the mutual benefits derived from the close proximity of 
enterprises’ location and the common environmental concerns that need to be addressed 
in a systematic manner.0 

The process systems engineering principles can be seen in accordance with the 
principles of sustainable development and industrial ecology; especially, when the defi-
nition "site" is extended to include the environment and the society.  

In our case the intention is to utilise the concept of integrating areas, sites and 
industrial activities of particular integrity with the view of better and more efficient per-
formance accompanied with more environmentally friendly operation that is recognised 
by the local society. The core fundament of such an integration remains at the system-
atic approach to energy and material flows, where the effluent’s flows and waste man-
agement becomes a whole new dimension of it. 
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ECO-INDUSTRIAL NETWORK 
The dive for integration leading to possible economic and environmental bene-

fits has turned our focus onto local small and medium enterprises (SMEs) allocated in 
the proximity of the Mid-West region of Ireland. The Mid-West region of Ireland is 
formed by three counties (County Limerick, County Clare and County Tipperary). It 
includes approximately 10% of the national land area and the population of Ireland. The 
industrial base is dominated by light industry such as electronics, instruments, pharma-
ceutical and healthcare, metals and engineering. The attractiveness of the Mid-West as a 
location for industry is demonstrated by the large number of foreign-owned plants es-
tablished in the region.   It is estimated that there are approximately 400 SMEs in the 
Mid West region. 

While SMEs contribute to growth, employment and rural development they also 
exert quite significant impacts on the environment. It is estimated that in total SMEs are 
responsible for 70% of all industrial pollution across the EU (EC Enterprise Directorate 
General, 2004). 

The announcement of our research in the area of industrial integration has at-
tracted significant interest in the region and already 25 SMEs from the Mid West region 
formally expressed commitment to this project.  Many of these companies already work 
together in areas other than sustainability and this basis has established such crucial 
advantages as mutual trust.  

There are many successful international examples of SMEs integration to form 
Eco-Industrial networks and these have been successful in terms of the reduction of 
environmental impacts. e.g. waste reduction, resource use reduction, improved transport 
management, etc. and improved competitiveness for the companies involved. Such are: 
Kalundborg - Denmark and Styna - Austria; the INES project in Rotterdam Harbour and 
the UK National Industrial Symbiosis Programme (http://firstsupply.co.uk/nisp/). But 
there is still to be done in terms of integration methodology development and methodol-
ogy generalisation. 

 
THE CONCEPT 

Eco-Industrial development is characterised by closely co-operating manufactur-
ing and service industries working together to improve their environmental and socio-
economic performance by improving their energy resource use and waste disposal effi-
ciency through identification of options for reuse, recycling or regenerative reuse of 
resources across areas of integrity. This may be as simple as identifying a waste from 
one factory which could be used as a raw material by another business, or as complex as 
rethinking the transport and supply logistics for the entire cluster or maximising eco-
nomic and environmental performance using grass-root multi-objective optimisation 
methodology. 

The attraction in the concept of Eco-Industrial development lies in its applica-
tion of the natural ecosystem metaphor to “industrial ecosystems”. The ideal of the 
metaphor is that industrial ecosystems function according to the system development 
principles of natural ecosystems, i.e. closed loops and waste utilisation between indus-
trial actors (Singhal & Kapur, 2002).  A local or regional industrial system is encour-
aged to move towards an interactive system through cooperative waste material and 
waste energy utilisation (recycling of matter, cascading of energy) and sustainable use 
of local renewable natural resources of matter and energy between the industrial actors. 
By reducing the waste management costs, emission control costs, raw material and en-
ergy costs, transportation costs, costs resulting from the implementation of measures 

http://firstsupply.co.uk/nisp/
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required in environmental legislation and by improving the environmental image as well 
as the “green market  situation” of the network, economic gains are possible. 

The goal of Eco-Industrial development is, at the minimum, to generate the least 
damage in industrial and ecological systems through the optimal circulation of materials 
and energy (Cohen-Rosenthal, 2004).  

 
SYSTEM ORIENTED METHODS 

They provide practical way to find required minimums of energy, raw material 
and water at a system level. Unfortunately by now the developed methods consider 
separately each of the resources in question.  

The information available for the process design alters during the process life 
cycle stages because of process development, design, operation and retrofit. In the case 
of existing network of companies this increases the level of complexity. Therefore to 
guide the decision maker towards the total optimum, a more complex view on the 
analysis of process integration efficiency is required. 

In the beginning of the project the process design activities are first aligned with 
the strategic targets of the company. To allow this, the company management has to 
define strategic goals and priorities for the design/redesign/operation. At the same time, 
this information will sharpen many design constraints. 

 
AREAS OF INTEGRITY 

An energy integration concept developed by (Ahmad and Hui, 2001) may have 
an important impact to the undertaken task of beneficial integration within the Eco-
Industrial Network. The concept utilises the natural division of process plants in logi-
cally identifiable regions (areas of integrity) and the potential for heat (energy) recovery 
between these areas. The optimisation task in this case is formulated as identification of 
schemes of energy recovery between areas of integrity which offer maximum heat flow 
between these areas (maximum integrity) that secures minimum energy import to the 
system with least number of interconnections between the regions. Authors propose 
procedure which translated the heat flow schemes into actual heat exchanger network 
design.  

Proposed methodology generates solutions ensuring maximum energy recovery 
between areas of integrity with minimum capital investments. This concept can be adap-
ted without changes for the purposes of energy conservation within an Eco-Industrial 
Network. The areas of integrity in this case are the SMEs themselves and the integration 
of energy will be done with minimum re-piping or other type of interconnections be-
tween them. 
 
MARGINAL VALUE ANALYSIS FOR MULTI-SITE APPLICATION 

The idea of the method is to evaluate the real value of utilities, such as steam, 
water, etc., and all other process streams, which in the general case have different value 
when different production sites are concerned. This allows more transparent and con-
vincing background for decision-making when the integration of energy and other re-
sources between neighbouring industrial partners is an option. As shown by (Hui, 
2000), marginal values are strongly affected by the location of site-wide bottlenecks 
well as external economical conditions such as fuel and product prices.   

How to calculate the marginal value of a utility, for instance, one has to trace its 
corresponding production path. To define the marginal value of any stream, (Hui, 
2005), proposes the evaluation of three marginal values, which substitute difficult proc-
ess of tracing the material’s production path. Those are the marginal profit, the produc-
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tion cost and the production value. The calculation of these three values can be done 
using so-called site model, which consists from material and energy balances and topol-
ogy (structure) of the system in question. There is some idea how to calculate these val-
ues: 

 
Marginal profit (MP) = ∆Profit/∆Change of stream flow 
Marginal cost as feed (MCF) = ∆Profit/∆Feed to process stream 

  (indicates the profit made increasing the yield) 
Marginal value (MCP) = -∆Profit/∆Product from a process stream 
 (normally shows the production cost of the stream)  

 
We propose a new use of marginal values for integration decision-making and 

multi-site application. An important side of this analysis is the creation of an integrated 
site model. The proposed analysis in general case will include marginal values of utili-
ties, services, inventories, transport, IT, treatment, etc. The final purpose of the analysis 
is the evaluation of eventual changes of marginal values as a result of proposed integra-
tion. 
 
EMERGY ANALYSIS FOR INTEGRATION 

To address the levels of integration and the sustainability level a logical question 
arises – is there a way to address and analyse the vast majority of resources and goods, 
but what about the services, treatment and operations involving these resources? It is 
known from quite some time that the emergy is providing resources for such combina-
tion. 

The available solar energy used up directly or indirectly to make a service or 
product available, defined as emergy by (Odum, 1996), was applied by number of au-
thors to compare inputs of different origin, such as human labour, trucks, energy, fuels, 
chemicals, utilities, plant cost, etc. Solar emergy is the solar energy directly or indirectly 
necessary to obtain a product or a flux of energy in a process; it is an extensive quantity 
and its unit is the solar emergy joule [sej]. To convert inputs and other kind of flows 
into the solar equivalent, it is necessary to know the solar transformity, which is the 
emergy necessary to obtain one unit of product. Unlike the emergy, transformity is an 
intensive quantity and usually measured in [sej/J]. Transformity calculation is a difficult 
task stimulating researchers to exchange data and build databases establishing common 
ground for analysis. 

An interesting feature of Emergy analysis is that it gives historical information 
about the resource or activity in question. Any emergy in the particular moment of in-
terest contains all emergies of stages changes occurring on the way to that stage. The 
emergy value associated with a product is the memory (the sum) of the all energies that 
were used to produce it. Another grate feature of emergy analysis is the ability of identi-
fication of critical processes/stages/units. This makes it quite suitable for the purposes 
of environmental pre- and post-impact consideration in the Eco-Industrial Network. 

In 2003 (Zhelev et al., 2003) promoted the interesting idea of combining emergy 
analysis with Pinch analysis – a well known tool for resources management in industry. 
These two methods give the missing link between the industrial resources management 
for economic benefits and the environmental impact assessment comparing alternative 
solutions. The restriction in the particular case is that the combined analysis addresses 
energy resource only.     
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EMERGY-PINCH ANALYSIS 
As suggested earlier by (Zhelev & Ridolfi, 2003) the amalgamation between 

Emergy and Pinch concepts can lead to number of benefits. Details about technicalities 
of the combined procedure are given again there. As it can be expected, to apply Pinch 
concept one needs to construct the Composite curve and draw the targeting line. The 
streams, being either wastewater or energy, are defined in emergy units and in the way 
that can support emergy composite construction for the purpose of further targeting. 
Each stream is represented in a specific way. There is a portion of information (trans-
formity) describing the past emergy investment, the “history” of the stream; a second 
portion, showing the “market” potential of the stream in terms of usability, as it is the 
heat (temperature) potential for a thermal stream or the concentration limits, if it is a 
water stream; the final, third portion of information is associated with the stream’s fu-
ture – it is linked to the future of the stream and its further usability (regenerative reuse). 
In the case of thermal Pinch analysis, the hot and cold streams will have different sign 
of this component of final emergy investment. The required emergy investment to heat 
the cold streams will possess different sign than the available emergy, allowing at this 
level of analysis to relax particular constrains such as ∆Tmin that can lead to minimisa-
tion of the usage of expensive hot utility. 

As it is mentioned by emergy analysis seldom addresses industrial systems and 
do not consider the impact of wastes - that third portion of information we impose to the 
stream definition. Important issue is the possibility in the third portion (stage) of any 
resource stream to consider waste reuse option (partial positive emergy, associated with 
it and another portion that is to be lost when disposed to the environment. The same 
authors considered waste treatment (regeneration) and reuse in the emergy indexes used 
for emergy analysis. The emergy loss is considered through the investment in waste 
treatment. At the same time this treatment may not only recover ecologically acceptable 
level of the resource, but also raise its potential for regenerative reuse.  

Applying the Pinch analogy, the projection of any stream-representing vector on 
X-axis shows the Solar Emergy, the projection on Y-axis gives the solar transformity. 
The solar transformity is a quality characteristic. The slope (reverse of the slope) of the 
line represents the amount/flowrate, quantity of the resource. It should be noted that the 
solar emergy has a relative (not absolute) value, so the allocation of the line represent-
ing a resource would be not fixed in horizontal plane.  

In the general case of emergy analysis similar to classical Pinch analysis the 
processes “overlap” in the horizontal plane (temperature range, concentration range, 
here - transformities range). The emergy loads, or investments, for different processes 
are characterized by relative values. Then their graphical representation can be freely 
shifted left and right in their SolarTransformity/SolarEmergy plot. 

 
Targeting 

The total emergy investment would be targeted drawing the line touching the 
composite and accounting for its slope. As bigger the slope of total emergy investment 
line is as smaller the rate of total emergy investment. This means the supply of com-
bined resource and corresponding costs associated with it will be minimised lifting the 
emergy supply line to its maximum. The limit is manifested by the touching point be-
tween the supply line and the composite curve, the point known as Pinch. Measuring the 
allocation of the emergy supply line and its slope can help to compare alternative design 
or operation options. In other words, transformity is accepted as a parameter involving 
quality and plotted against the emergy investment allows targeting of total emergy in-
vestment and determination of maximum total transformity need to run the process. 
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Design Guidelines 
The treatment and reuse of wastes is the key to the evaluation of systems sus-

tainability. The emergy loss is considered through the investment of waste treatment, 
but in the same time this treatment may not only recover ecological acceptable level of 
the resource, but raise its potential for regenerated usage (application). 

The Pinch concept is also giving unequivocal design guidelines helping to de-
sign a system fulfilling the earlier defined targets. The design guidelines will come from 
classical pinch grid diagram. The emergy composite will identify potential processes to 
be changed before fixing temperatures and flowrate of streams. The design issue of 
combined emergy-pinch analysis is of special importance and complications that needed 
special attention. The design guidelines will come from classical pinch grid diagram. 
The emergy composite will identify potential processes to be changed before fixing 
temperatures and flowrate of streams. A single emergy composite is drawn for all 
streams and an emergy investment supply line is matched accordingly. Such an analysis 
would show the targets in terms of emergy investment. 

An interesting point for discussion is if one can consider processes generating 
Emergy, not only those consuming Emergy. For example these can be any exothermic 
reaction, water generation as a result of chemical reaction, money generated through 
sale, power co-generation, etc. In such a case it might be better to consider first the op-
timal utilization of internal resources of emergy and then – the minimization of the ex-
ternal ones.    

The design guidelines suggested by this approach are associated with the classi-
cal concept of Grid diagram. The Emergy composite helps to identify potential proc-
esses to be changed before fixing temperatures and flowrate of process streams. A sin-
gle emergy composite is drawn for all streams and an emergy investment supply line is 
matched accordingly. Such an analysis will show the targets in terms of emergy invest-
ment. 

 
Bottlenecks Identification 

The identification of bottlenecks is of great concern in all methods of analysis 
and evaluation. The Pinch does it through its third graphical tool – the Grid diagram. It 
shows the cross-pinch energy transfer leading to cost implications and penalties. The 
emergy analysis identifies the critical processes through the value of emergy invest-
ment. Combining Emergy and Pinch concepts we are able to identify more precisely the 
combined influence of critical processes or phases through allocation of constrained 
processes (these touching the total emergy investment supply line and preventing its 
further lift up). The Pinch-type of targeting gives several important evaluation parame-
ters: (1) the ultimate minimum emergy supply to run the entire process at any time (the 
slope of the total emergy investment). This is the flow of resources, services and work 
to run the entire system); (2) The total emergy investment for the entire process for the 
entire period; (3) The maximum transformity (the “amplitude” of transformity, giving 
the total “power” of resources to run the process – another criteria to compare alterna-
tives, identifying what process needs resources of highest quality) – the horizontal pro-
jection of the right end point of the emergy investment supply line; (4) Limiting 
stages/resources (restricting the emergy investment supply line to increase its slope). 
This one gives indication about processes and resources which utilisation is to be inten-
sified in order to improve the efficiency of the entire process; (5) Pinch point allocation; 
there is some substantial difference in the possibilities for improvement (minimisation) 
of the total emergy supply for Pinch points allocations characterised with lower trans-
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formity compare to those with high transformity. Details of these cases can be found in 
(Zhelev and Ridolfi, 2003). 

 
OXYGEN-WATER PINCH ANALYSIS 

As Thermal Pinch Analysis addresses heat exchange from a hot stream to a cold 
stream, so does the Water Pinch Analysis addressing mass exchange from a rich stream 
to a lean stream. A rich stream is a stream that has higher concentration of contaminant 
while a lean stream has lower concentration of the contaminant. The initial methodol-
ogy (El-Halwagi and Manousiouthakis, 1989) considered the transfer of only a single 
contaminant from a rich stream to a lean stream. The method is analogous to Thermal 
Pinch Analysis and uses the same basic steps. Wastewater may be minimised using any 
of the following redesign methods (Wang and Smith, 1994):  

 Reduction in Fresh Water Used. 
A reduction in the water supply will result in a decrease of the quantity of 

wastewater being produced. Optimising processes may change the fresh water demand 
for the process. 

 Reuse of process water   
Certain process streams require water of any quality, such as in the case of floor 

washing processes. The water supplied for these processes needs not be fresh water.  
Thus there is an opportunity to reuse water. The opportunity can be found in the 
neighbour factory. The benefit of water reuse has to be assessed accounting for the pip-
ing and pumping costs.   

 Regeneration recycling 
Water that leaves a process is often termed as wastewater.  The quality of this 

water determines whether this water may be reused in other processes or neighbour fac-
tory.  If the wastewater from a process can be treated easily and at a low cost, then the 
water may be “cleaned” or regenerated and used again.  Simple regeneration can be 
settling or filtration.  

 Regeneration and reuse 
The water that is regenerated may be used in another process or factory and need 

not be recycled to the process/factory it originated from.  
 Oxygen Pinch Analysis 

The intent to design more cost attractive wastewater treatment systems was ap-
proached by extending Pinch principles towards so-called Oxygen Pinch analysis 
(Zhelev and Ntlhakana, 1999). The idea is to target prior to design the idealistic mini-
mum oxygen required by the micro-organisms to degrade organic waste and to suggest 
treatment flowsheet and design changes ensuring efficiency of operation close to the 
earlier stated target. In most of the cases the oxygen is supplied to the micro-organisms 
through agitation. Agitation and other forms of aeration require energy, so finally the 
analysis based on Oxygen Pinch principles leads again to their original application as-
sociated with energy conservation. Apart from this, Oxygen-Pinch concept allows for 
the first time targeting a quality characteristic – the growth (the reproduction rate, or 
heath) of micro-organisms.  

 Combined Water-Oxygen Pinch Analysis 
The aim of this methodology is to help decision making about the strategy and 

the organisation of wastewater treatment within an Eco-Industrial Network. Major fac-
tors contributing to the cost of wastewater treatment and pollution levels are the waste-
water quantity and the wastewater quality.  The wastewater quantity is directly linked to 
the amount of energy required for the wastewater treatment. The objective to minimise 
the wastewater quantity can be achieved using the Water-pinch analysis. Water Pinch 
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helps to increase concentration levels of wastewater and decrease its quantity. In con-
trary, wastewater quality is inversely proportional to the energy required for wastewater 
treatment as well as pollution levels. There is no integration technique that would facili-
tate wastewater quality improvement.  A mechanism to negate this effect is required. 
This objective can be achieved by the application of Oxygen Pinch Analysis.  Thus the 
overall effect of increasing the cost effectiveness of wastewater treatment can be ad-
dressed through combination of Water and Oxygen Pinch Analysis. The expected result 
is a decision-making procedure suggesting within particular market circumstances what 
amount of wastewater to be taken for treatment within particular member factory of the 
Eco-Industrial network and what part of it to be sent to the servicing wastewater treat-
ment plant. 

 Combined Methodology 
The link between Water Pinch Analysis and Oxygen Pinch Analysis is the 

common concentration variable, namely - the Chemical Oxygen Demand (COD). This 
concentration variable is duplicated in Oxygen Pinch Analysis as COD of the wastewa-
ter.  The link between these two Pinch techniques, is the usage of COD as a single con-
centration variable.  To demonstrate this amalgamation two configurations of wastewa-
ter treatment can be investigated – one based on centralised wastewater treatment strat-
egy and second – using the strategy of the distributed wastewater treatment. The quan-
tity of wastewater treated and the quantity of oxygen required are chosen as variables of 
the analysis of the most suitable wastewater treatment strategy. The quantity of waste-
water can be minimised on particular factory site using the Water-Pinch concept. The 
quantity of oxygen required (respective the aeration energy required) for different quan-
tities and qualities of wastewater can be targeted with the help of Oxygen-pinch con-
cept. Both, the quantity and the quality of the wastewater treated are related to the cost 
of the treatment process.  The configuration of wastewater treatment serves as an aid to 
establish whether there was a significant difference in wastewater treatment cost when 
the service charge is based on quality rather than on quantity only. 

The above methodology may very well serve particular Eco-Industrial network 
as a convincing argument for or against the idea for commissioning of a centralised 
wastewater treatment plant, its allocation, etc. It can help particular member factory’s 
decision to join the group of factories served by such a plant as well as the cost-effective 
quality and quantity of wastewater to be sent to this servicing plant under particular 
market circumstances. It can serve as a firm ground for targeting the minimum electrical 
energy (respective cost) for treatment of different quantities and qualities wastewater – a 
tool for determination of servicing charges. 

 
WATER PINCH AND EMERGY 

Water Pinch principles have established a standard for drawing the limits for 
water reuse in industries and setting pre-design targets of minimum fresh water demand 
- an important feature for addressing alternative solutions of design changes and produc-
tion expansion. One important feature of Water Pinch, inherited from the classical Pinch 
analysis is that this method apart from the preliminary targets setting gives design 
guidelines - an important advantage comparing it to Emergy analysis. Water Pinch con-
siders mainly streams’ contamination level, what in the general case is not enough. It is 
more than obvious that different contaminations and concentration levels would need 
different effort of water treatment depending on the nature of contamination, composi-
tion, chemical bounds, etc., not only concentration levels and limits. Here comes the 
help of Emergy analysis. The ability to assess the history and the effort associated with 
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making water resource available (boring dept, pumping, pre-treatment (softening, filtra-
tion, chlorinating, etc.)) provides good ground to compare resource of equal quality.  

The confidence to use transformity as an analogue to the temperature in thermal 
Pinch analysis or concentration in water Pinch targeting comes from the fact that the 
transformity is an intensive unit of emergy and measures the quality of energy. The e-
mergy of the wastewater may be determined from the knowledge of the concentration 
and nature of the effluent, and the transformity of the relevant ecological services (water 
treatment process). Considering that the water is not the first priority asset in Ireland, 
the Water-Emergy Pinch analysis is to be used for decision making in the constrained 
cases of plant expansion, when the water resources are limiting the expansion decision. 

 
INTEGRATION WITHIN THE ECO-INDUSTRIAL-NETWORK 

The first level of analysis focuses on the possible on-site integration of processes 
inside the factories in question. This time consuming process is based on iterative 
evaluation of data collected through detailed questionnaire, interviews of staff in ques-
tion and design documentation. Currently we collected data from 8 out of 25 member 
factories. We constrained the possible integration into four different vertical levels: (a) 
energy; (b) water; (c) waste treatment; (d) transportation. With the help of geographic 
data management system we first considered the possibility of horizontal integration 
between areas of integrity. First, decomposition in clusters of member SMS was pro-
posed accounting for their geographic allocation. Second level of decomposition was 
based on common landfill waste-disposal sites. The third level of decomposition ac-
counted for potentials of inter-factories waste-reuse/waste and utilities utilisation op-
tions. The optimisation problem of maximum cost benefit can be formulated as a prob-
lem of finding the maximum of the “vertical sum” of “horizontal integration benefits”. 
The proposed principle for redistribution of the achieved savings amongst the member 
enterprises was proportionality to the integration investments.   

 
OTHER INTEGRATION ACTIVITIES (FUTURE WORK) 

These may include investigating possibility for integration of not only energy, 
water and waste recovery, but possible sharing of information and information technol-
ogy investments. The diffusion of information and communication technologies (ICT) 
offers opportunities to transfer, collect and manage a great amount of information and to 
reduce the space and time barriers. Participating firms may reduce their ICT costs by 
forming a joint Management Information System (intranet) for the Cluster and this will 
identify further opportunities for sharing information and resources. 

Next level of integration expansion can be common purchase of materials and 
shared transportation, shared commuting, shared inventories, shared shipping through 
integrating the transportation logistics of the participating SMEs. Each of these provides 
for a reduction in environmental impacts through reduced fuel cost, transport related 
emissions while also reducing the transportation costs of the companies and providing 
additional social benefits in reducing the number of vehicles on the roads. 

At present we work on the problems of integration when system’s dynamics is 
considered. The case study is based on wastewater treatment system at Killarney, where 
the number of citizens served is raising eight times during the summer period. 
 
CONCLUSION 

Adopting the principles of Eco-Industrial networks, this paper builds a set of ap-
propriate methodologies and develops procedure suitable to identify synergies and op-
portunities for symbioses between collaborating SMEs which would result in enhancing 
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the environmental performance of the companies, targeting opportunities for socio-
economic benefits. The paper reports progress in tailoring and application of four inte-
gration concepts originally developed for smaller and more compact systems to larger 
systems, such as the Eco-Industrial Network of factories, situated in restricted geo-
graphic region. The major difference to other well-configured systems is the principle of 
open-side system integration. That means – the system is to allow provision for flexibil-
ity (including or excluding neighbor factories) and include other integration dimensions. 
The four methodologies in question are: (a) Energy integration of distant areas of proc-
ess-supported integrity; (b) Marginal value analysis; (c) Emergy-Pinch analysis (a novel 
amalgamation of two conceptual design approaches), and (d) Oxygen-Water Pinch 
analysis.  These four integration methodologies are designed to consider the economic 
and environmental impact to decision making. The idea behind the integration of these 
methodologies is the merge between sustainability concerns at regional level with envi-
ronmental concerns first at process level and second at SME level (horizontal and verti-
cal integration). 

We hope that the effort invested in this on-going project can demonstrate the 
practicality of the proposed framework with a view to create a platform for eventual set 
up of strongly integrated Industrial Ecology Park. 
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ANALYSIS OF ENERGY FLOWS BY USING PINCH ANALYSIS 
 

Peter Radgen 
Fraunhofer ISI, Karlsruhe, Germany 

 
The principles of Pinch Technology which are stemming from thermodynamics have changed dra-
matically the design process of industrial heat using plants. At the time when Pinch Analysis gained 
attention in the early eighties, brute force computing using MINLP algorithms to identify the most 
economic heat exchanger network for the multiple use of energy in a plant was not be possible for 
even small scale problems. 
Therefore it was important to reduce the number of possibilities to be evaluated by using the first 
and second law of thermodynamics in an effective manner. The main elements developed, which 
have given the name to the Pinch Analysis, are the composite curves (CC) and the grand composite 
curve together with the Pinch Design Rules to achieve minimum heating and cooling demand for a 
given minimum temperature difference. Pinch Analysis made its way into the design process very 
quickly. A major advantage of Pinch Technology against black box process optimisation is the 
gained understanding of the process heat flows. The Pinch design rules can be easily applied and 
lead often to new ideas for changing process condition to enable for an increased heat recovery. As 
an example, results of a Pinch Analysis of a fertilizer process are presented. 
 
INTRODUCTION 

Energy costs represent a considerable proportion of manufacturing costs in the 
process industry. Optimisation of energy consumption together with supply and removal 
of energy is therefore an important task. Rapidly rising oil prices in the years 1973 and 
1979 supported the research for systematic methods for the optimisation of process per-
formance. With high energy prices in the recent year, energy savings have come back to 
the agenda of industrial managers. 

Pinch Technology provides a systematic methodology to identify energy savings 
in processes and total sites. The methodology is based on thermodynamic principles 
(Linnhoff, 1979). To start with a Pinch analysis the heat and material balance for the 
process is determined. The process understanding gained by using Pinch analysis can be 
used to identify appropriate changes in the core process conditions that can have an im-
pact on energy savings. In addition energy saving targets can be set prior to the design 
of the required heat exchanger network. The Pinch analysis finally supports the design 
of the heat exchanger network and the utility selection to ensure that these targets are 
achieved. The method is not limited to single processes but instead helps to integrate 
heat flows of total sites via the utility system. 
 
USING MINLP FOR THE DESIGN OF HEAT EXCHANGER NETWORKS  

During the early eighties computing capacity was a scare and expensive re-
source, therefore the number of different heat exchanger networks that could be con-
structed to obtain the most economic heat recovery solution was rather limited (Ciric, 
1986). Based on the stream data of hot and cold streams a super structure containing all 
possible heat exchangers had to be developed. This Superstructure had then to be opti-
mised as a mixed integer non linear programming problem, where the integer values 
standing for a heat exchanger to be placed and the non linear parts to calculate the prop-
erties of the streams entering or leaving the heat exchanger as well as the heat exchange 
area and the associated cost. 

The work to optimise heat exchanger networks was more oriented to a mathe-
matical approach instead of an engineering like approach. In addition in the beginning it 
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was not possible to deal with industrial problems, as the computing time to handle even 
a very small number of streams was too high. This is due to the fact, that the number of 
possible matches between different streams increases exponential with the number of 
streams. If a number of 4 cold streams Nc=4 and a number of 3 hot streams Nh=3 is as-
sumed, we have already to deal with Ns = (Nh*Nc)! = (3*4)! = 12 ! = 479 million differ-
ent combinations which have to be analysed. Typical industrial problems have however 
stream sets of 20 to 30 hot and cold streams, which made it impossible to solve the 
problem. 

Even with today's modern computers this type of approach of brut force comput-
ing seem to be not the best solution, as the number of combinations that has to be ana-
lysed can be drastically reduced with the technical insight of thermodynamics. 

In the following we will therefore explain how process insight can be gained by 
using pinch analysis, helping to reduce the number of possible configurations to be ana-
lysed. 

 
USING PINCH ANALYSIS FOR PROCESS OPTIMISATION 

The basic elements of the pinch analysis are the composite and the grand com-
posite curve (Linnhoff, 1982). They are constructed from the stream data of the process 
and a minimum driving temperature difference for heat transfer between hot and cold 
streams. In Pinch Analysis a hot stream is defined as a stream which have to be cooled 
and a cold stream is defined as a stream that have to be heated to reach it's final required 
temperature.  

Figure 1 show on the left three single streams which have to be heated in a tem-
perature-enthalpy-Diagram (T-H-Diagram). At each entry or exit temperature of a 
stream, a temperature interval boundary is set. The heat capacity flow rate of all streams 
in an interval is added to construct the new curve, so that all streams are combined into 
one single stream that has to be heated. If the same procedure is applied to the hot 
streams independently, the overall process and its energy balance are represented by a 
hot and a cold composite curve which can be shown in the same diagram, Figure 2. As 
enthalpy is relative, the curves can be moved horizontally without any problem. The hot 
composite curve should be every time above the cold composite curve, otherwise the 
cold composite curve has to be shifted to the right. 

 

 
FIGURE 1: Constructing the Composite Curve. From single streams (left) to the 

composite curve (right) 
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The position at which the smallest temperature difference between the two com-
posite curves occurs is called the Pinch. This diagram gives the very valuable insight 
that the Pinch divides the process into two sub processes, a heat sink above the Pinch 
and a heat source below the Pinch. 

 

 
FIGURE 2: The Composite Curves and their use for setting energy  

consumption targets 
 
In addition the correlation between the minimum driving temperature difference 

and the minimum heating and cooling demand can be clearly understood. A higher re-
quired temperature difference at the Pinch Point will force the cold composite curve to 
be shifted to the right, reducing the overlap between the composite curves (the heat re-
covery area). At the same time more heat is required from utilities to heat up the cold 
streams. Based on the first law of thermodynamics this will also increase the cooling 
demand of the system. 
 
The Pinch Rules to Achieve Minimum Energy Consumption 

Therefore to achieve the minimum heating and cooling requirements for the 
process, three rules have to be followed which are presented in a graphical manner in 
Figure 3. Heat should not be removed above the Pinch by cooling water as this will in-
crease the heating demand of the heat sink, without influencing the heat source. If heat 
is supplied below the Pinch, where there is already a heat surplus, the total heating and 
cooling demand will increase. Not always heat needs to be supplied or removed by utili-
ties to violate the Pinch rules. Often Pinch rules are violated by an incorrect matching of 
hot and cold streams, a fault which is not easily detected. If the hot stream has a tem-
perature above the Pinch and the cold stream below the Pinch, the heat exchanger will 
work properly. However as this heat exchanger is using excess driving temperature dif-
ference, this will lead to constraints in other heat exchangers. In fact this will make ad-
ditional external heat supply at temperatures above the Pinch necessary. 
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Process Modifications for better Heat Integration 
The minimum energy requirements set by the composite curves are based on a 

given process heat and material balance. If the heat and material balance could be 
changed it might be possible to further reduce the energy requirements. This can be ob-
tained by changing for e.g. distillation column operating pressures and reflux ratios, 
feed vaporisation pressures, pump-around flowrates and reactor conversion rates. The 
number of possibilities is very large and therefore it would we very advantageous to 
identify the changes that really help to improve the system. By Pinch Analysis (using 
the "plus-minus principle") it is possible to identify changes in the appropriate process 
parameter that will have a favourable impact. 
 

Heat Sink Heat Sink Heat Sink

Heat Source Heat Source Heat Source

QHmin + Qout QHmin QHmin + Qout

QCmin QCmin + Qin QCmin + Qtranfer

Qout

Qin

Qtransfer
Pinch Pinch Pinch

No heat removal above the Pinch                  No heat supply below the Pinch         No heat transfer across the Pinch 
FIGURE 3: The Pinch Rules to achieve Minimum Energy Consumption 

 
The plus-minus principle for process modifications 

The composite curves of the process are determined by the heat and mass bal-
ance and so if these are changed, the composite curves will change accordingly. Figure 
4a summarizes the impact of these changes on the process energy targets. 

 

 
FIGURE 4: The +/- Principle. (a) Modifying Process Parameters (b) Temperature 

changes so that streams move from above Pinch to below Pinch 
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Any increase in hot stream duty above the pinch or any decrease in cold stream 
duty above the pinch will result in a reduced hot utility target. Vice versa any decrease 
in hot stream duty below the pinch or any increase in cold stream duty below the pinch 
will result in a reduced cold utility target. 

This easy to understand principle provides a definite reference for any adjust-
ment in process heat duties, such as for e.g. vaporisation of a recycle, pump-around 
condensing. Often it is possible to change temperatures rather than heat duties. Figure 
4b illustrates that temperature changes across the pinch will change the energy targets. 
If the feed vaporisation (FV) pressure is reduced the evaporation temperature is lowered 
and the feed vaporisation duty is moving from above to below the pinch, which will 
reduce heating and cooling targets by the vaporization duty. The same principle can be 
applied on the hot composite curve, when duties are shifted from below to above the 
Pinch. Therefore it is possible during the design to easily identify the process modifica-
tions which would be beneficial. 

 
Distillation Column Modification 

Even if distillation columns typically are only represented by the reboiler and 
condenser duties in Pinch analysis, the Pinch principles can also applied to the column 
itself. Figure 5 shows the three different opportunities for improvements, the scope for a 
reflux reduction (a), the use of feed preheating (b) and the use of side reboilers or con-
densers (c). The T-H column profile can be obtained from a column simulation or short 
cut calculation for each stage of the column. The horizontal gap in (a) indicates the pos-
sibility to reduce the reflux ratio. It should be kept in mind, that in existing columns, the 
reflux can be reduced if additional stages can be added or if the efficiency of each stage 
can be improved. 

 
FIGURE 5: Distillation Column Optimisation with Pinch Analysis (Linnhoff, 1998) 
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A second option is the preheating of the column feed (b). This is typically feasi-
ble, if a sharp change in the column profile can bee seen close to the stage to which the 
feed is supplied. Feed preheating will move part of the required heat duty from the re-
boiler to the feed preheater and thus to lower temperatures. Finally a side reboiler or 
condenser can move part of the heating or cooling duty of the column to higher or lower 
temperatures (c). However this additional equipment will increase the column cost.  

 
THE INTEGRATION OF DIFFERENT UTILITIES INCLUDING HEAT EN-
GINES AND HEAT PUMPS 

Pinch Analysis not only helps in understanding the process and the process heat 
recovery but it can also be used to select the right utilities. Whereas the composite 
curves can be easily used to determine the amount of heating and cooling required, an 
additional tool of Pinch analysis, the Grand Composite Curve (GCC) can be used. The 
GCC is built from the composite curves by shifting the hot composite curve by -½ ∆Tmin 
and the cold composite curve by +½ ∆Tmin. The hot and cold composite curve will then 
touch at one point, the Pinch. For each temperature the difference between the enthalpy 
of the cold composite and the enthalpy of the hot composite curve is derived. The tem-
perature is then plotted over the enthalpy difference, which means that the curve will 
touch at the Pinch the temperature axis. The heat demand above the Pinch has to be 
covered by utilities, where the temperature of the utility used needs to be high enough to 
ensure that the temperature is always higher than the GCC above the Pinch. 
 
Choosing the right Utilities 

In Figure 6 the GCC of a process is shown together with the representation of 
the utilities. Three different options are represented, high pressure steam, high and me-
dium pressure steam and a combustion. As smaller the area between the profile of the 
utility and the GCC as lower the exergy losses are. If for e.g. medium pressure steam 
can be used instead of high pressure steam, more steam can be expanded to a lower 
steam pressure which will increase electricity generation in the steam turbine. 

 

 
FIGURE 6: Choosing the best utilities (Radgen, 1996) 
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Wish type of utility will be best suited will depend on the process and it's GCC. 
GCC with a large horizontal area above the Pinch will be better suited for condensing 
type utilities where as GCC with more vertical areas above the Pinch will be better 
suited for the heat supply by combustion gases (Sarabachi, 2002). If this is further de-
veloped for CHP technologies, different GCC will favour the use of gas turbines (left), 
others the use of steam turbines (right), Figure 7. 

 

Fuel Fuel

C B

Compressor, Turbine, Generator, Boiler

 
FIGURE 7: Choosing the best utilities (Radgen, 1996) 

 
From this diagrams also some principle rules for the integration of heat engines 

into the overall process can be derived. 
 

Integration of Heat Engines 
If the heat engine is operating fully above the Pinch, the heat engine seems to be 

converting 100 % heat into 100 % of electricity. This integration will thus be very bene-
ficial. The second possibility would be to use the waste heat available below the Pinch 
to drive the heat engine. In this case electricity could be produced and at the same time 
the cooling load can be reduced. However, there is a risk of faulty integrating of heat 
engines. This could be the case, when the heat engine is operating across the Pinch. If 
the heat is taken out from process streams above the Pinch and the condenser of the heat 
engine rejects heat below the Pinch, there would be no advantage in the integration. The 
integrated process configuration would consume the same amount of energy as if the 
heat engine and the process would be operated separately, Figure 8. 
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Heat Sink Heat Sink Heat Sink

Heat Source Heat Source Heat Source

QHmin + Pt QHmin QHmin + QCHP

QCmin QCmin - Pt QCmin + Qcond

Pinch Pinch Pinch

Operation fully above the Pinch                Operation fully below the Pinch Operation across the Pinch

Heat
engine Pt

QCHP

Qcond

Heat
engine Pt

QCHP

Qcond

QCHP

Heat
engine

Qcond

Pt

 
FIGURE 8: The Pinch Principle and the positioning of heat engines into the overall 

process 

 
Integration of Heat Pumps 

As for the heat engine to produce mechanical energy or electricity, the inverse 
engine or heat pump should be integrated properly to be beneficial. Figure 9 shows the 
three different integration options. However, only when the heat pump is operating 
across the Pinch, the energy consumption could be reduced. The heat pump needs to 
take out the heat where there is a surplus of heat and has to lift it to a temperature at 
which there is a heat deficit (heat sink). 
 

Heat Sink Heat Sink Heat Sink

Heat Source Heat Source Heat Source

QHmin - Pt QHmin QHmin - Qhigh - Pt

QCmin QCmin + Pt QCmin - Qlow

Pinch Pinch Pinch

Operation fully above the Pinch                Operation fully below the Pinch Operation across the Pinch

Heat
pump Pt

Qlow

Qhigh

Qhigh

Heat
pump

Qlow
Heat
pump Pt

Qlow

Qhigh

Pt

 
FIGURE 9: The Pinch Principle and the positioning of heat pumps into the overall 

process 

 
It is therefore clear, that a proper integration of heat engines and heat pumps into 

the process is essential for successful energy savings. Pinch analysis guides the deci-
sions and helps to identify mismatches in the system. 
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THE EXAMPLE OF A FERTILIZER COMPLEX 
Pinch Analysis can be used for the optimization of large industrial plant. In the 

following, some examples are given, showing the usefulness of the approach for the 
example of a fertilizer complex, consisting of an ammonia and an urea plant. The full 
results of the analysis can be found in (Radgen, 1996). During the analysis of the am-
monia process, the heating demand of the actual process was higher than the minimum 
heating demand calculated by the Pinch Analysis. Therefore one of the Pinch rules must 
have been violated in the process design. With the knowledge of the Pinch Temperature 
a heater below the Pinch and a number of heat exchangers working across the Pinch had 
been identified.  
 
Heat exchanger working across the Pinch 

Figure 10 shows one of these heat exchangers. The heat exchanger is the feed 
preheater of the synthesis gas before it is entering the first ammonia reactor. On the left, 
the heat exchanger numbered 08E003 is splitted into three sub-exchangers, one below, 
one across and one above the pinch. In this heat exchanger actually 5.5 MW are trans-
ferred across the Pinch and are therefore wasted. One solution to reduce the heat trans-
fer across the Pinch would be the reduction of the temperature difference at the outlet of 
the exchanger. If this could be reduced to 10 °C, the heat transfer and therefore the util-
ity consumption could be reduced by 4.9 MW. 

 
FIGURE 10: Heat transfer across the pinch 

 
Increase use of waste heat for steam generation 

As a second example the reduction of the cooling demand by increased low 
pressure steam generation is presented. Figure 11 shows the GCC of the urea process 
together with different LP steam generation profiles. Actually 28 t/h of LP steam are 
generated from the waste heat, however the GCC indicates, that much more heat is 
available for steam generation. 
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GCC 
GCC without intermediate and fluidized bed cooler 
LP Steam generation (28 t/h, actual) 
LP Steam generation (33.9 t/h) 
LP Steam generation (40 t/h) 

Enthalpy stream / MW 

FIGURE 11: Heat transfer across the pinch 
 
Based on the heat available from the urea process, the steam generation could be 

increased to 40 t/h. However some technical aspects have to be taken into account. In 
the case of the urea process heat available from the intermediate and fluidized bed cool-
ers have to be recovered from solid materials, which is typically very difficult. If this 
heat is deducted from the GCC, the possible steam generation is reduced, but there is 
still a significant potential to increase the steam generation up to 33.9 t/h. 
 
Use of a heat pump in the urea process 

If a significant amount of heat is available with a temperature close to the Pinch 
and at the same time an equivalent heat requirement just a bit above the Pinch is avail-
able, the use of a heat pump should be evaluated. Figure 12 shows the GCC of the urea 
process in the area around the Pinch temperature. In this area, the temperature differ-
ence between the stream above the Pinch and the one below the Pinch is small, making 
it feasible to lift the heat via a heat pump above the pinch. In this case the heat pump 
would work across the Pinch (see Figure 9) and could therefore save energy. Typically 
the streams themselves could not be used as heat transfer fluid, therefore steam genera-
tion in combination with a vapour compressor could be applied as heat pump. However, 
the use of an intermediate heat transfer fluid will increase the required temperature dif-
ference and increase the power demand to drive the heat pump. 
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In the case evaluated the steam needed to be

About 18 MW of waste heat could have been used i
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SUMMARY AND CONCLUSIONS 

The first and second laws of thermodynamics
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derstand the linkage between temperature and heat fl
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APPLICATION OF MULTI OBJECTIVE PINCH ANALYIS 
 

Hannes Schollenberger, Martin Treitz 
University of Karlsruhe (TH), Germany 

 
A case study from industrial coating in Chile is used to demonstrate the application of Multi Objec-
tive Pinch Analysis. The aim is to investigate if it is reasonable for the company to modify its proc-
ess to fulfil new emission thresholds earlier than required. The selected technological alternatives 
are compared to the actual process on the basis of environmental and cost criteria which are partly 
determined using pinch analysis. Two methods of aggregation are implemented: a metric and a 
multi-criteria approach. Furthermore, sensitivity analyses are carried out to examine the robust-
ness of the decision and to gain a deeper understanding of the decision problem. The results of this 
case study indicate that for the chosen framework there is no clear preference for one alternative, 
but condensation of solvents and a switch to waterborne basecoats show comparable performances. 
 
PREFACE 

The focus of the article is the application of the methodology introduced in an 
earlier chapter (Geldermann, 2005). Therefore, a case study from the sector of industrial 
coating in Chile is used. All calculations and analyses are performed by using the stan-
dard Matlab1 and it’s OptimizationToolbox. The general setting is introduced in the next 
section. In the main part of this paper, the various pinch modules of MOPA (cf. energy, 
water and VOC targets) are calculated for the selected case study. Summarising, the 
findings the results are aggregated using the metric and a multi-criteria approach.  

 
CASE STUDY: INTRODUCTION AND BACKGROUND  

Modifications in the processes of various Small and Medium Sized Enterprises 
(SME) are necessary within the next two years, in order to fulfil the new limit values for 
emissions of Volatile Organic Compounds (VOC). In this case study, the serial coating 
of bicycle and bed frames is investigated. The main question to be answered is if it is 
worthwhile to modify the paint application process sooner than legally required or to 
postpone process modifications until the requirements become effective in two years. 
Additionally, energy savings potentials are calculated to identify further improvements 
of the process. 

  
Assumptions and General Setting 

The investigated company is a middle sized firm producing bicycles (approx. 
79,850 per year with an average surface area of 39.7 dm2 of the bicycle frame) and beds 
(approx. 12,000 pieces per year with an average surface area of 361 dm2 of the various 
parts). The focus of the analysis are the paint application steps of the production proc-
ess, which are technically similar for both products, henceforth called frames general-
ised. The construction of the frames as well as assembling and packaging steps are not 
taken into account.  

 

                                                 
1 Matlab is a software package of Mathworks for technical computing, numerical calculations and data 
analysis, www.mathworks.com 
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Process Schema and Scenarios 
After the pre-treatment steps (degreasing, passivation, water cleaning and phos-

phating), the frames pass through four coating steps (filler application, two paint appli-
cations and finally a clear coat application) followed by a drying step. The spray booths 
and flash-off zones and the drying oven have a separate waste gas system (around 96% 
of the solvents are emitted in the booths and flash-off zones and the rest in the drying 
oven) (cf.FIGURE1). The major solvent used is Xylene (CAS No 95-47-6) with a mo-
lecular weight of 106.167 kg/kmol. Some share of the overall solvents used are in the 
paint and some are bought extra to dilute the paint and adjust the spraying parameters 
such as viscosity. The temperature dependent properties (heat capacity, saturation pres-
sure etc.) are assumed to be similar to an ideal gas and are approximated by pure com-
ponent specific parameters. 

 

Filler Drying 1 Paint 1 Paint 2 Clear Coat
11 22 33 44 55 66 77

Drying 2 Drying 3
88
Drying 4

90 

10,852

0.30

20 

7,441

14.95

125 

7,594 

0.62 

150

12,678

0.06

155 

12,287 

0.32 

20 

6,077

1.36

20 

10,431 

7.78 

20 

6,846 

7.27

T [°C]

Air [Nm3/h]

VOC [kg/h]  
FIGURE 1: Process Layout of the coating process 

 
Energy Savings Potential 

In the current process layout each stream is heated up separately and released af-
ter the drying tunnel using independent fresh air sources for each oven (baseline sce-
nario). This baseline scenario is compared to a scenario using the heat of the production 
process being released during the cooling down of the waste gas to 40 °C. The air flows 
of the drying ovens are preheated using the released heat and the overall energy con-
sumption is reduced (heat integration scenario). Further measures for improving the 
general energy efficiency are discussed in literature, but not included in this case study.  
 
Emission Abatement Options 

Considering various design modifications and variants (Thermal Oxidizer vs. 
Regenerative Thermal Oxidizer (RTO)) three different emission abatement options can 
be identified to be compared to the Status quo (abbr. T0): a complete shift to Water-
borne Coatings (T1) as process integrated measure and the two additive measures of 
Thermal Incineration (T2) and the recovery of the solvents with a Condensation (T3).  

The criteria for the evaluation are based on the mass and energy flows of the 
company. The evaluation is based on a relative assessment of the alternatives compared 
to target values for each criterion (Spinch) which are calculated using the pinch analysis 
approach (cf. next section and (Geldermann, 2005). The selected criteria for the evalua-
tion are: 

 Energy Consumption [kWh/h] (Energy) 
 Fresh Water Consumption [m3/h] (Water) 
 VOC Emissions [mg C/m3] (VOC) 
 Investment for Abatement Installation as annualized costs [€/a] (InvDep) 
 Change in Operating Cost due to be Purchased Solvents [€/a] (Cost) 

 
The last criterion (Cost) covers the change in operating cost pertaining pur-

chased solvents. In industrial coating fillers and paints are in general bought not ready 
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for application but with a lower solvent content than required (e.g. solvent content of 
filler bought: 53 %). Thus, additional solvents are bought to adjust the viscosity of the 
paint right before the application (e.g. solvent content of filler ready for application: 
76.5 %). Furthermore, additional solvents are required for cleaning equipments such as 
spray guns. Hence, the amount of solvents recovered determines the amount of addi-
tional solvents that have to be bought. 

Since the level of VOC emissions is not really an evaluation criteria because all 
abatement options have to fulfil the emission threshold for VOC, two separate analyses 
are carried out: One multi-criteria evaluation using all five criteria (full criteria set) and 
one analysis using all criteria but VOC Emissions since it is assumed to be a knock-out 
criterion and fulfilled by all alternatives (abridged criteria set). 

 
MULTI OBJETCIVE PINCH ANALYSIS (MOPA) 

 
Calculation of the energy target values 

Calculations of the energy pinch analysis are done using the classical transport 
algorithm as described in (Cerda et al., 1983) rephrased with truncated incidence matri-
ces to a standard linear programming problem. Both, the drying air of the process re-
quiring heating and the cooling air of the counter-current flow are taken from the out-
side air supply (assumed to be 20 °C). Auxiliary processes such as the preheating of 
drying ovens, the cleaning of tools, or the mixing of the filler or paint exist in addition 
to the main painting process, but are not included in the investigation of this case study. 
Nevertheless they may also provide significant potential for the conservation of re-
sources. Furthermore, the air flows of the spraying booths and the flash-off zones are 
not considered as they do not need any heating at all. 4% of the solvents are emitted in 
the drying ovens and are therefore relevant for the heat integration scenario. The mini-
mal temperature difference between the hot and the cold composite curve is assumed to 
be ∆Tmin = 10°. 

The baseline scenario requires a heating of 5,062,526 kJ/h (= 1406.3 kWh/h), 
which is lost during the cooling down of the air flows. As FIGURE 2 illustrates, in the 
heat integration scenario the pinch points are situated at the bottom of the hot and cold 
composite curve leaving a requirement of hot utility at the upper end of the composite 
curve of around 300 MJ/h (= 83.5 kWh/h). Hence, the theoretical savings potential is 
about 94 % and the major heating requirements for the ovens could be met by heat inte-
gration of the hot waste gas. 

 

 
FIGURE 2: Hot and Cold Composite Curves Energy 



120 H. Schollenberger, M. Treitz
 

Calculation of the VOC target values 
The thermal condensation of solvents can be described as a heat exchanger prob-

lem and thus be evaluated by the pinch analysis approach (Dunn and El-Halwagi, 1994, 
Parthasarathy and El-Halwagi, 2000). The analysis is based on temperature – concentra-
tion relationships depending on the temperature-sensitive saturation pressure curves of 
the considered pure or multi-component VOC. The calculation also considers the tem-
perature dependent heat capacities of the waste gas and the partly cleaned waste gas 
after condensation. Furthermore, the heat of condensation is taken into account as well 
as the heat capacity of the condensed liquid solvent.  

In contrast to the heat integration scenario, discussed in the last section, the con-
densation is applied to the 96% of the solvent emissions of the booths. The flash-off 
zones are relevant to the condensation. Since the warmer air stream of the drying ovens 
has a significant lower solvent concentration it is unreasonable to mix the streams and 
cool down the higher volume of air afterwards. Hence, the streams of the drying ovens 
are not used for the condensation.  

The temperature range to be considered for the calculation of the condensation is 
given by the supply temperature of the air flow (in this case 20°C (293 °K)) as the upper 
bound and the maximum of system dependent temperatures (freezing point of the cool-
ant, minimal system temperature, freezing point of solvent etc.) as the lower bound. In 
this case study the freezing point of Xylene at - 48 °C (225 °K) defines the lower bound 
of the temperature range.  

The starting point of condensation depends on the solvent concentration in the 
air which is 1001 mg/m³. This concentration accrues from the solvents contained in the 
paint and the solvents used for dilution. The flow rate of the air is 30,800 Nm³/h. Both 
data are calculated on the basis of air quality measurements. 

The condensation of Xylene in the waste gas starts at 247.7 °K (TUpperEnd in 
FIGURE 3). The objective of the analysis is to determine the economic reasonable 
amount of solvents to be recovered which can be translated into an endpoint tempera-
ture (TEnd) of the condensation at which this recovery target is reached. The costs for 
running the condensation are calculated as total annual costs comprising fixed costs for 
the installation of heat exchangers and operating costs for the additional cooling by liq-
uid nitrogen. 

 

 
FIGURE 3: Concentration of Xylene 
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The heat to be integrated and the heat to be dissipated depend on the endpoint 
temperature of the condensation. The heat exchanger between the waste gas and the full 
or partly cleaned cold gas is characterized by surface dependent investment without 
considering possible operating (e.g. for maintenance) costs and heat transfer losses. The 
heat exchanger in the lower temperature range considers not only the investment of the 
heat exchanger, but also the consumption of coolant based on their specific heat transfer 
coefficient. The condensed solvents are also cooled to TEnd since an advance extraction 
is not considered. Parameters such as geometry and material are not explicitly consid-
ered. 

The integrals of the heat balance are solved in Matlab numerically with a linear 
approximation in 0.1 °K steps. The solution is driven by the trade-off between the 
amount of recovered solvents and therefore the revenues for the solvents and necessary 
investment in heat exchanger and coolants (e.g. liquid nitrogen). For each endpoint 
temperature of the condensation within the condensation range (247.9 °K to 225 °K) 
and for each ∆Tmin within an assumed range (2 °K to 20 °K) the total annual costs are 
determined. Depending on the quality requirements of the process the recovered sol-
vents can be used either in the same process or in a different application or both since 
the solvents within the paint can also be recovered it is possible that more solvents are 
recovered than are necessary in the process.  

FIGURE 4 shows that the minimal temperature gradient ∆Tmin for the use of liq-
uid nitrogen as a coolant between the raw gas and the partly cleaned waste gas depends 
on the end point of condensation.  
 

 
FIGURE 4: Variation of the best temperature gradient depending on the  

end point temperature of condensation 

 
The analysis reveals that the optimal temperature gradient is 8.5 °K and at an 

end temperature of condensation at the minimal possible temperature of 225 °K. The 
annualized costs for the heat exchanger would be 38,214 €/a (assuming a 4% interest 
rate and economic life time of 10 years) and together with the residual value of the cur-
rent plant resulting in 107,214 €/a (cf. TABLE 1). Since more solvents are recovered 
than have to be purchased additionally, due to the solvents delivered with the paints 
directly, savings of 7,785 €/a can be realized instead of spending 38,461 €/a (cf. 
TABLE 1). The calculated end point temperature of condensation leads mixed together 
with the air flows of the ovens to overall solvent emissions of 57.5 mg C/m3 and an air 
flow of approx. 75,000 Nm³/h waste air (cf. TABLE 1). 

The thermal incineration is quite effective compared to the condensation leading 
to emission values of 99% of the initial concentration (in this case the stream of the 
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booths, flash-off zones and the drying tunnel are lead through the thermal oxidizer). But 
is has a quite high initial investment of around 460,000 € (assuming a specific economic 
life-time of 20 years, an interest rate of 4% and an residual value of 75,000 € results in 
annual costs of over 30,000 €/a) and also high operating costs since all burned solvents 
have to be replaced by new ones. Compared thereto, the switch to waterborne basecoats 
shows a smaller investment and lower operating costs (~10,000 €/a), but also significant 
lower abatement efficiency (~227 mg C/m3) (cf. TABLE 1).  

 
Determination of the Water target values 

The target values concerning the water consumption are based on the process 
characteristics of the different techniques in relative comparison to the current con-
sumption. The current consumption is based on the different water consuming process 
steps, their absolute consumption and relative frequency (e.g. cleaning of painting booth 
1 m3 per week or change of 46 m3 acid passivation bath twice a year) resulting in an 
water consumption of 0.28 m3/h (cf. TABLE 1). Through various process improvement 
measures (like the extension of life-time of pretreatment baths) this consumption can be 
lowered to 0.15 m³/h as the target for the analysis. 
 
CASE STUDY: METRIC RESULTS 

Compiling all the different information together (cf. TABLE 1) a first relative 
assessment can be obtained by a metric defined as a modified Euclidian norm (Treitz et 
al., 2004). This analysis shows that the switch to waterborne coatings has the highest 
saving potential (20.9 %) and also the option of condensation (15.1 %) performs better 
compared to thermal incineration (3.1 %), which would actually present the smallest 
improvement. 

 
TABLE 1: Metric - Characterisation of the assessed techniques 

Criterion Unit Weight Spinch (T0) (T1)  (T2) (T3) 

Energy  [kWh/h] 0.15 83.5 1,406.2 1,381.2 1,476.5 1,448.4

Water  [m3/h] 0.15 0.15 0.28 0.28 0.20 0.30

VOC Emissions [mg C/m3] 0.20 0.0 393.9 227.2 3.9 57.5

Inv. dependent [€/a] 0.20 0.0 69,000 78,000 99,575 107,214

Operating Cost [€/a] 0.30 0.0 38,461 20,672 38,461 -7,785

dλnorm - - 0.464 0.367 0.467 0.388

δMOPA - - 0 % 20.9 % 3.1 % 15.1 %

 
 
CASE STUDY: MULTI-CRITERIA ANALYSIS AND RESULTS 

Another possibility for the simultaneous consideration of the various criteria is 
the application of a multi-criteria analysis. In this case study, the same data-set is used 
for the evaluation with the multi-criteria method PROMETHEE (Brans and Mareschal, 
2005, Brans et al., 1986). In contrast to TABLE 1, here not the absolute, but the relative 
difference to the pinch values are used for the evaluation (cf. TABLE 2). The table 
shows also the weighting for all five criteria as used in the metric for the full evaluation 
and an adjusted weighting for the abridged set of criteria. 
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TABLE 2: Multi-Criteria Characterisation of the assessed techniques 

Criterion Unit 
Weight 

full 
(abridged)

Status 
quo  
(T0) 

Waterborne 
Coatings 

(T1) 

Thermal  
Incineration 

(T2) 

Condensation 
 

(T3) 

Energy 
Consumption [kWh/h] 0.150

 (0.189) 1,322.73 1,297.73 1,393.04 1,364.92

Fresh Water 
Consumption [m3/h] 0.150

 (0.189) 0.13 0.13 0.05 0.15

VOC 
Emissions [mg C/m3] 0.200

 (-) 393.9 227.2 3.9 57.5

Investment [€/a] 0.200 
(0.252) 69,000 78,000 99,575 107,214

Operating 
Cost [€/a] 0.300 

(0.378) 38,461 20,672 38,461 -7,785

 
The analysis with the full set of criteria suggests an implementation of conden-

sation as emission abatement option. Nevertheless, the difference between this alterna-
tive and a switch to waterborne coatings is very narrow. This is underlined by the fact 
that the switch to waterborne basecoats is ranked first in the abridged approach, again 
with only a small difference to condensation. The strength of condensation are the oper-
ating costs, whereas the strength of a switch to waterborne lies in the lower energy con-
sumption and the smaller investment dependent costs. However, as the spider diagram 
(FIGURE 5) shows, the decision is influenced by conflicting criteria and depending on 
the preference parameters and the weighting, one or the other alternative is ranked first.  

 
 

 
FIGURE 5: Spider-Diagram of the abridged (left) and full (right) evaluation 

 
Therefore various sensitivity analyses (cf. TABLE 3) can be used to facilitate 

modeling and transparent depiction of the decision problem within PROMETHEE. On 
the one hand the robustness of a decision can be investigated by changing the weighting 
of one criterion from zero to 100% (cf. SensWeightSingle in TABLE 3). On the other 
hand the robustness of the parameters q, p, and s of PROMETHEE can be investigated 
by carrying out a Monte Carlo Simulation using specific uncertainty levels (e.g. ±10%) 
(cf. SensParamSingle and SensParamAll) or by evaluating all possible preference type 
combinations (cf. SensTypeSingle and SensTypeAll). 
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TABLE 3: Available Sensitivity Analyses 

Name Variable Fixed Method Output 

SensParamSingle Preference para- 
meter of selected 

criterion 

Preference type Monte Carlo Simu-
lation (uniform 

distribution) 

Φj(a) (line plot) 

SensParamAll Preference para- 
meter of all criteria

Preference type 
and weighting 

Monte Carlo Simu-
lation (normal 
distribution) 

Φnet(a) (box plot) 

SensTypeSingle Preference type of 
selected criterion 

Preference pa-
rameter 

Variation of all 6 
preference types 
for selected crite-

rion 

Φj(a) (line plot) 

SensTypeAll Preference type of 
all criteria 

Preference para- 
meter and weight-

ing 

Variation of all 6 
preference types 

for all criteria 

Φnet(a) (line plot) 

SensWeightSingle Weight of selected 
criterion 

Preference pa-
rameter and type 

Change of weight 
within [0,1] 

Φnet(a) (line plot) 

SensWeightAll Weights of all 
criteria 

Preference para-
meter, type and 
weighting limits 

Calculation of all 
valid weighting 

vectors 

PROMTHEE VI 
Area in the GAIA 

plane 
SensDataUncer Attribute values Preference para-

meter and type 
Monte Carlo Simu-

lation (normal 
distribution) 

Scatter plot in the 
GAIA plane 

 
Further calculations show that in the case of the permutation of all preference 

types I through VI (SensTypeAll ) for all five criteria, alternative T1 and T3 change posi-
tion depending on the final combination of preference type functions (cf. FIGURE 6). In 
this sensitivity analysis the weights and the preference parameters are fixed and the ef-
fect on the overall result is analyzed by only changing the type of preference function 
for each criterion. Herewith, the low robustness of the decision is demonstrated and 
emphases the need of a high transparency of the decision problem to be able to interpret 
the obtained results in the best possible way. 

 

 
FIGURE 6: Φnet flow of all possible preference type combinations 
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Another approach used for sensitivity analysis is the Principal Component 
Analysis (PCA). By projecting the cloud of alternatives from the Rn onto the plane of 
the first two principal components the so-called GAIA plane can be spanned and the 
decision problem can be visualized (cf. FIGURE 7). Apart from alternatives and criteria 
axes, the weighting vector (the PROMETHEE decision stick π) can be projected on the 
GAIA plane. By defining upper and lower bounds for each weight the convex hull of all 
valid weighting combinations can be projected on the GAIA plane, visualizing the range 
of π, i.e. the PROMETHEE VI area (cf. SensWeightAll in TABLE 3). Furthermore, if 
attribute values are characterized by a specific uncertainty level, a scatter plot based on 
a Monte Carlo Simulation can be displayed (cf. SensDataUncer) that visualizes the 
distinguishability between all alternatives (Basson, 2004). Hence, these analyses allow 
the simultaneous change of all weighting factors. 

The GAIA plane is displayed for all criteria using the preference type VI and the 
parameter s as half the difference of the maximal and minimal attribute values. The 
GAIA plot can only further comprehension of the given problem since two distinct 
points in the Rk of k different criteria might be projected on the same point in the plane. 
The PROMETHEE VI area and π illustrate the influence of different weights, since they 
are not taken into account in the projections of the criteria and alternatives. Addition-
ally, the scatter plot of the projections of the alternatives T0 to T3 shows the variation of 
the results as a consequence of the uncertainty of the data (SensDataUncer) using a 
Monte Carlo Simulation (uncertainty level of ±10% and normal distribution). In this 
case an uncertainty of ±10% is assumed for all attribute values of the alternatives, but in 
further analyses it might be reasonable to assume a more stringent range for more accu-
rate data and a broader range for criteria which are more difficult to quantify. 

To summarize, the analyses reveal that no clear preference for one alternative is 
obvious, since both condensation of solvents and a switch to waterborne basecoats show 
comparable performances. 

 

 
FIGURE 7: GAIA Plane of the full (upper) and abridged (lower) evaluation 
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DISCUSSION AND CONCLUSIONS 

This paper shows the application of the MOPA to the process of industrial coat-
ing of bicycle and bed frames. Target values of optimization as well as economically 
feasible operating parameters of certain techniques (e.g. condensation of VOC) are 
evaluated and calculated using pinch analysis for energy, water and VOC. The results of 
these analysis are aggregated to a distance measure which can be used for the compari-
son of the investigated alternatives. 

Furthermore, the single parameters can be investigated by a multi-criteria analy-
sis offering the possibility of carrying out several sensitivity analyses. They can provide 
a good understanding of the effects of the different modeling parameters. The use of a 
Monte Carlo Simulation offers the possibility of an analysis comprised of several pa-
rameters simultaneously. Consequently, the application of the Monte Carlo Simulation 
in combination with a Principal Component Analysis can help to understand the impact 
of the uncertainties of the value judgments on the overall results. Additionally, decision 
makers should be aware of the influence of the selected criteria and the chosen weight-
ing factors as demonstrated by the rank reversal obtained in this case study due to the 
elimination of one criterion. 
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THE OPTIMISATION OF THE PROCESS WATER USE IN  
INDUSTRY BY WATER PINCH ANALYSIS 
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In industry, the cost of fresh water intake, wastewater treatment and effluent disposal is rising. 
Therefore the industry is interested in methods to optimise the use of process water. As a first step, 
an inventory (“water balance”) of the process water streams with respect to flow and contaminants 
level is made. Standard stand-alone graphical and solver software tools can be used to set up the 
inventory but dedicated and sophisticated software such as WaterTracker™ is also available. The 
inventory produces a list of influent and effluent process streams. An effluent could be considered 
to be a source (a “supplier”) while an influent could be considered to be a sink (a “consumer”). 
Therefore, in a second step the set of process streams is split into a set of sources and a set of sinks. 
Water pinch software (e.g. WaterPinch™) then optimises the process water use/reuse by looking 
for the most cost efficient combinations of sources and sinks.  
 
INTRODUCTION 

Water is increasingly being considered as a costly base material in industry. Re-
strictions by legislation stimulate the companies to manage their fresh water consump-
tion, waste water treatment methods and waste (water) disposal. Software based tools 
are available to optimise the use of water within a company or even within an industrial 
complex of companies, while maintaining the quality standards of production. 

Water pinch can be used to optimise the process water consumption from the 
early design of a new company but the method can also be used in a retro-fit mode. In 
the latter case, an inventory of the water streams within the process water network with 
respect to their flow and contaminants level is made first. The water network is mostly 
rather complex and software tools are needed to produce the inventory of all water 
streams in an efficient way. Standard software tools exist for the graphical representa-
tion of the network while sophisticated solvers allow to calculate the mass and contami-
nant balances. Such solver software is able to calculate mass flow and contaminant lev-
els of undetermined streams from the measured flow and contaminant data of a re-
stricted number of selected streams. Next to the graphical and solver software which are 
used separately, sophisticated software such as WaterTracker™ from Linnhoff March 
enables to perform the graphical network visualization and solver tasks within one dedi-
cated software tool. 

The inventory results in a list of influent and effluent process streams. Since an 
effluent from a specific process could have a sufficient mass flow and a sufficient proc-
ess water quality to be used as an influent for another process, such an effluent is con-
sidered to be a source (a “supplier”). Also, an influent having a specified mass flow and 
minimal contaminant level specifications is considered to be a sink (a “consumer”). 
Water pinch software therefore considers, in an abstract way, the process streams as two 
sets : a set of sources (effluents) and a set of sinks (influents). Water pinch then opti-
mises the process water consumption by looking for the most cost efficient combina-
tions of specific sources, within the large set of sources, with specific sinks, within the 
large set of sinks. This combinatory problem is complex since a source and a sink 
should be compatible with respect to all specified contaminant levels. Moreover, the 
most cost-effective combinations should be selected by the evaluation of fixed and vari-
able costs. The effect of relaxing inlet constraints and sensitivity analysis can be evalu-
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ated. Bounds are also included since a number of source/sinks combinations are re-
stricted from practical reasons (distance, maximum flow through existing piping, …). 
Moreover, elaborated water pinch allows for the addition of unit operations which re-
generate a source to a higher water quality. Adding regeneration processes within the 
water network in an economical way is the ultimate water pinch objective. 

 
INVENTORY OF THE PROCESS WATER NETWORK : THE NETWORKS 
MASS BALANCE AS A FIRST STEP 
 
A process water network and its process streams mass balance 

In most cases the process water piping network in a company is rather complex. 
Moreover it occurs that the network evolved in a pragmatic way without detailed re-
cords. Except for the water intake locations, volume or flow meters are rarely imple-
mented. As a result, the knowledge of the streams (flow values and contaminant levels) 
is often restricted. When initiating a water pinch study the first step is to make a com-
plete inventory. Setting up an inventory requires an adequate and affordable methodol-
ogy. The approach of elaborated mathematical modelling (e.g. based on sophisticated 
differential equations modelling whatever stream, process or water storage) is much too 
complex and expensive. In view of the objective of a water reuse study by water pinch, 
it is commonly accepted to restrict the water network model to an abstract but represen-
tative static network of process nodes, being interconnected by the process streams. 
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FIGURE 1: Node concept : process node or process group node 

 
As illustrated in FIGURE 1 a node can represent in an abstract way one individ-

ual process but also a group of several processes. A process group node is used when 
stream changes are not allowed. A full representation of each process in the water net-
work mass balance study would be redundant in such a case. From a modelling point of 
view the water network is thus represented by a set of nodes with virtual node bounda-
ries and with water streams flowing from one specific node to another specific node. A 
further simplification is made by assuming those in- and out flowing streams to be 
“static” (non-fluctuating), thus each having an average flow and contaminants concen-
tration level. Such a static approach clearly makes a rigorous and invasive abstraction 
from the actual dynamic character of the real network. However, such a concept of a 
nodes network as a static model is used in water pinch analysis since it is the only 
workable and economic approach in practice.  

When dealing with the actual and dynamic water network at a factory, it is nec-
essary to be creative by e.g. reconsidering a fluctuating flow from a water reservoir as a 
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“constant” flow by introducing a larger time interval (month, year) as a time basis and 
by introducing an “averaged steady” flow value as a typical value. Regarding water re-
use studies by e.g. water pinch, this simplified approach is commonly accepted. There-
fore a “static” approach of a nodes network, with stream flow values expressed as e.g. 
m³/month, allows for the extrapolation of the dynamic situation to an average static one. 
The measurement of the water mass flow of each individual stream would be unpracti-
cal and too expensive. It is therefore also assumed that the network can be “balanced” 
by considering each individual node to comply with the law of preservation of mass 
flow. Within each node, the sum of the water mass flow values for all ingoing streams is 
assumed to be equal to the sum of the water mass flow values for all outgoing streams : 

 
)1(∑∑ =

OUTAll
OUT

INAll
IN STREAMflowmassWaterSTREAMflowmassWater  

 
Such a mass balance equation can also be set up in each node for each contami-

nant. Since each node generates a set of mass balance equations, these sets of equations 
then can be solved for the process streams mass flows and contaminant levels. This is 
possible by general solver software or by dedicated software, as explained further. 

 
General software tools for setting up the “mass balance” 

With respect to the graphical visualisation of a process water network it is trivial 
to refer to software packages such as Microsoft Visio, Graphviz, SmartDraw, Con-
ceptdraw, AutoCad or even Microsoft Powerpoint. Such software enables a fast repre-
sentation of the process water network in whatever symbolic way, without the need for 
drawing every single pipe or process in detail. 

With a definitive lay-out of the representative static network as a nodes network 
with interconnecting processtreams it is possible to write down all mass balance equa-
tions for each node as indicated by equation 1. Such equations can be handled by gen-
eral solver software such as e.g. TK Solver (UTS). As an example of such an approach, 
a process water network is illustrated in FIGURE 2. The mass flow balance equations 
can be implemented in TK Solver, also shown in FIGURE 2. TK Solver has the interest-
ing feature of indicating the degree of solvability after the input of a variables value. It 
is therefore possible, by the incremental introduction of a dummy flow value of “1” for 
selected process streams, to obtain a set of process streams which need to be measured 
in order to solve for the remaining unknown process streams. This allows for setting up 
a streams flow metering scheme at the start of the inventory study. 
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FIGURE 2: Symbolic representation / mass flow equations in TK Solver 

 



130 E. Brauns, I. Genné, W. Schiettecatte, J. Helsen
 

It can also be remarked that TK Solver even allows for non-linear equations, 
which is not the case in the dedicated software tools such as WaterTracker™. The mass 
balance for a specific contaminant at a specific node therefore could be modelled 
mathematically in a more elaborated way in TK Solver.  

 
Dedicated software tools for setting up the “mass balance” 

WaterTracker™ (LinnHoff March) is a dedicated and sophisticated software 
tool which allows for the immediate graphical drawing of the process water network on 
the computer screen. The software also solves the network since the node equations are 
formulated automatically when the network is drawn. The graphical features of Water-
Tracker™ are shown in FIGURE 3. 
 

 
FIGURE 3: Graphical representation in WaterTracker™ 

 
When using WaterTracker™ it is also possible to set up a metering plan at the start of 
the water balance study. According to the metering plan the selected process streams are 
measured and sampled with respect to flow and purity. 
 
OPTIMIZATION OF WATER USE BY WATER PINCH, SECOND STEP 

 
Background of water pinch 

The origin of water pinch is linked to the development of energy pinch which is 
a method to minimize energy consumption. Energy pinch was developed in 1970 at the 
department of Process Integration at the University of Manchester Institute of Science 
and Technology (UMIST). The pinch concept was then introduced with respect to the 
minimization of process water consumption. Water pinch fundamentals were developed 
by e.g. (El-Halwagi et al., 1992, 1995), (Smith et al., 1991,1994,1996), (Alva-Argáez et 
al., 1998) and (Wang & Smith, 1994, 1995). 
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FIGURE 4: Sources and Sinks in WaterPinch™ 

 
As a result, a commercial software tool WaterTarget® was introduced by Linn-

Hoff March (further called LHM ; a division of KBC Process Technology Ltd). Water-
Target® is a software suite comprising WaterTracker™ and WaterPinch™. The latter is 
the actual pinch software tool. The first package is a stand-alone software which enables 
to set up the water balance. WaterPinch™ is able to import the process water network 
data from WaterTracker™ (process water flows and contaminant concentrations water 
balance). 

The definition of sources and sinks is important within water pinch. In principle, 
as illustrated in FIGURE 4, a process has one or more water streams flowing IN and one 
or more water stream(s) flowing OUT. Evidently, fresh water is a source and waste wa-
ter is a sink. However, if the quality of the process water flowing out of a process A is 
sufficiently high (with or without additional treatment) to be used as a feed in another 
process B with lower quality requirements, the “waste” water OUT of process A is con-
sidered to be a candidate source for process B. In addition, the process water flowing 
into process B (stream IN) requires a minimal quality and is considered as a sink.  
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FIGURE 5: Composite curve and principle of water pinch in WaterPinch™ 
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When finishing a water balance study, the inventory of in-flowing (sinks) and 
out-flowing process streams (sources) is available. For each individual contaminant the 
sinks and sources can be presented graphically in a composite curve as illustrated in 
FIGURE 5. Each source is represented as a horizontal line with its projected width cor-
responding to the flow value. Moreover, the sources are sorted by quality in ascending 
order. From an exact mathematical point of view it should be noted that the flow axis 
(X-axis) in FIGURE 5 therefore is in fact artificial since only the projected values are 
meaningful. 

The vertical lines connecting the horizontal lines have no physical significance. 
In an analogous way, after sorting all sinks in an ascending quality order, the sinks can 
be represented as horizontal lines. After drawing both the sources and the sinks it is 
possible to shift the staircase type of sink curve until the staircase type of source curve 
is touched (pinch). From FIGURE 5 it is then obvious that : 

So3

So2

So1

So3

So2

So1

 
 the sinks which demand the highest process water quality can only be sup-

plied with fresh water 
 the flow and quality of a number of sources is sufficient in a way those 

sources can be considered as feeds for a number of sinks 
 without treatment, the quality of a number of sources is insufficient to be fur-

ther applied and therefore need to be considered as waste water (thus a 
source for the waste water sink) 

 
Simplified combinatory approach 

The composite curve representation already illustrates the complexity of a water 
pinch. Since there are mostly multiple contaminants to be considered, it is clear that 
each composite curve and its corresponding pinch position is different for each con-
taminant. Therefore, in a simplified approach, the water pinch can also be considered as 
a combinatory problem. In effect, FIGURE 6 shows an alternative graphical representa-
tion by projecting the sinks and sources of FIGURE 5 on the contaminant x-axis. Each 
source (So) which is positioned to the right of a sink (Si) has a higher water quality than 
the latter and is therefore a candidate as a feed for that sink. Also in such a graphical 
form, the flow value can be read in a correct mathematical way from the flow y-axis. 
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FIGURE 6: Combinatory presentation of the composite curve 
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With multiple contaminants and a large amount of sinks and sources, it is im-
perative to use software to solve such a combinatory problem. In FIGURE 7 an example 
is shown of a combinatory (low level) solving in Visual Basic. The program was written 
at VITO and is still at a very restricted β-version status for the moment. It is only used 
here for demonstration purposes. Only the sources inputs are shown in FIGURE 7 but 
the sinks inputs dialog windows are analogous.  

 

 
 

 
FIGURE 7: Example of combinatory low level solving in Visual Basic 
 
After the input of data, the software looks for all possible candidates of source-

sink combinations while respecting minimal sink quality specifications related to each 
contaminant. If one contaminant invokes a quality problem, the source-sink combina-
tion under investigation is discarded and the evaluation of the next combination is 
started. The resulting valuable combinations are shown in a sources-sinks matrix (as 
illustrated in FIGURE 7). Such a low level combinatory method is able to give a first 
indication of valuable candidates of source-sink combinations. This could already give a 
first insight in possible water reuse opportunities. However, a high level approach such 
as WaterPinch™, also incorporates advanced economical evaluations and the possible 
addition of water treatment unit operations. This is explained further. 

 
Sophisticated approach by WaterTarget® from LinnHoff March (LHM) 

A sophisticated water pinch analysis can be done through WaterPinch™ 
(Buehner & Rossiter, 1996) (Tainsh & Rudman, 1999) which is a stand alone software 
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tool within WaterTarget®. This software tool allows for both the sources and sinks data 
input by import from WaterTracker™ or by manual input. As shown in FIGURE 8, a 
water pinch project can be defined in WaterTarget® through the Project Builder.  

LHM considers process sources/sinks as having a fixed flow whereas utility 
sources/sinks can have a variable flow. The latter thus can have, next to the fixed costs, 
also variable costs. Fresh water e.g. as a source is a utility source since the flow is vari-
able, a yearly fixed cost is charged by the fresh water supplier and a variable cost is 
linked to the variable consumption. 

It should be noticed that the software does not handle a network but only con-
siders in an abstract way a set of sources from which specific sources could be linked to 
specific sinks in the set of sinks. However, in order to allow for some operations to be 
defined, LHM also introduced unit operations in the software. Process unit operations 
have fixed in and out flows while utility unit operations have variable in and out flows. 
Both types enable to link outlet purities to inlet purities. WaterTarget® has some ready 
to use unit operations such as e.g. reverse osmosis, ion exchange, backwash filter, pre-
cipitator, air stripper and steam stripper. 

 

    
FIGURE 8: Project Builder                       FIGURE 9: Inlet sensitivity  
 
After the input of all sources and sinks data (eventually by importing from Wa-

terTracker™) and defining process sources/sinks and utility sources/sinks the software 
is able to perform a water pinch analysis. The user is also able to implement unit opera-
tions e.g. for regeneration purposes as the ultimate strategy within the water reuse quest. 
Additional tools are available to the user to enhance the water pinch optimisation. A 
Bounds Editor allows to rule out specific source-sink combinations from the beginning 
(resulting from a large distance between both) or to set (upper or lower) boundary val-
ues for a specific source-sink combination with respect to flow. It is also possible to 
define the geographical positions of the sources or sinks in a way WaterTarget® can 
incorporate and estimate piping costs. A very important feature is the sensitivity analy-
sis with respect to inlet relaxations. Such analysis evaluates the effect of lowering the 
purity specifications for sinks. As illustrated in FIGURE 11 the inlet sensitivity analysis 
allows to pinpoint the sinks which will yield a maximum profit when relaxing the purity 
specifications. 

The ultimate result of the water pinch analysis is a list of optimal source/sink 
matches and an economic evaluation (benefits) of those water re-use opportunities. A 
roadmap for the implementation of the suggested solution is then possible. 
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A case study in the automotive industry 
In an automotive company, the surface treatment of the cars’ bodyworks needed 

to be optimised, regarding water consumption. The surface treatment consists of 7 suc-
ceeding processes, 4 process baths and 3 rinsing steps (FIGURE 10). The main arrows 
indicate the production flow of the bodyworks. Two water types are available for each 
process : treated surface water (IW) and demineralised water (DW). Water consumption 
and discharge were studied for each process. In addition, the composition of the process 
effluents was examined with respect to four contaminants being regarded as important 
process parameters. The desired inlet concentrations of the different processes were also 
defined. 
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FIGURE 10: Original situation at the painting section 
 
A first water pinch analysis did not consider regeneration techniques. The un-

treated effluents (sources) were matched with the influents (sinks) to find suitable 
source/sink combinations. In this scenario, the effluent of the rinsing step after P4 could 
be used to feed the rinsing step after P3. This, in fact, saves 205 m³ of DW or 34 % of 
the initial amount of water. Still, 10 m³ of DW needs to be added to meet the purity cri-
teria for the rinsing step after P3. 
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FIGURE 11: Adapted situation after water pinch 
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In a second water pinch analysis, regeneration techniques were introduced to in-
crease the purity of certain process effluents. Two techniques were selected : nanofiltra-
tion and ion-exchange. For both techniques standard removal ratios were given for each 
contaminant. Besides these ‘regenerators’ another water source was introduced : recu-
perated water, i.e. purified water from the waste water treatment. The use of recuperated 
water implied a decrease in the total discharge cost of the company. The use of this wa-
ter type was obviously restricted to processes where water quality was not critical. The 
result is shown in FIGURE 11. The total amount of water is now decreased to 237m³ 
per day, which is in fact a reduction of 60 % of the initial amount of water used in the 
surface treatment. 

 
CONCLUSION 

Water pinch analysis, from a low level up to a sophisticated level, is supported 
by several software tools. An advanced and dedicated pinch software suit such as Wa-
terTarget® allows for the graphical representation of the process water network and the 
calculation of the water balance. Based on these data, a water pinch analysis optimises 
water re-use . An economical evaluation is performed at the same time. In this way, 
important amounts of water could be saved. In addition to possible economical savings, 
the minimization of the water use by water pinch can significantly contribute to an envi-
ronmentally sustainable water consumption by industry. 
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The coating workshop in Beijing Automobile Works has provided a typical example for the study 
of environmental impact.  This case study includes systematic information of the workshop for the 
manufacturing process and the waster treatment. 
 
INTRODUCTION OF THE COMPANY 

Established in 1985, Beijing Automobile works was the second largest carmaker 
in China at that time. Later in 1987, it was incorporated with Beijing Motorcycle Works 
to form Beijing Automobile and Motorcycle United Company (BAM). In 2001, based 
on the modern structure, the company merged with Beijing assembly plant to set up a 
new limited company, Beijing Automobile Works Co., Ltd (BAW).  

With a long history of manufacturing light off-road vehicles and trucks, BAW is 
now considered as one of the important automakers in Beijing. The business scope in-
cludes developing, producing and selling light off-road vehicles, trucks, and other spe-
cial purpose vehicles. 

BAW’s headquarter in Chaoyang district, Beijing, has two separate plants in 
Chaoyang and in Shunyi districts. The annual capacity is about 100,000 units. The 
comprehensive distribution and service networks cover the whole Chinese market, in-
cluding every provinces, cities and municipalities. 

The company is mainly engaged in the designing, production and marketing of 
cross-country vehicles, business cars and special vehicles as well as refurbishing vehi-
cles, and has more than 150 kinds of production lines.  BAW becomes the appointed 
supplier for national military vehicles as well as the major manufacturer for light cross-
country jeeps. Additionally, it has been listed as one of the four major companies in 
vehicle manufacturing in Beijing. BAW has established a complete network on market-
ing and after-sales servicing in China and been awarded the ISO9001-2000 and 
GJB9001-2000 quality certifications. 
 

The company has three main product series, light off-road vehicle, pick-up truck 
and Sport Utility Vehicle, including Luba, Luling, Qiling, and Flagship (amphibian ve-
hicle). These products are sold nationwide and exported to many other countries. 

The photographs of the main products are shown in FIGURE 1. 
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Trucks and  

 
 

Civilian SOV

 FIGURE 1: Main vehicles produced by BAW 
 
INTRODUCTION OF SHUNYI PLANT 

With an annual capacity of 50,000 units of vehicles, Shunyi Plant occupies 
310,000 m2 in area. The view of plant is shown in FIGURE 2. 

 

   
FIGURE 2: Partial view of Shunyi plant  

 
To reflect the general states of Shunyi plant, TABLE 1 summarized the yield 

and sales in the year of 2002 and 2003.  
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TABLE 1: General information of Shunyi plant of BAW 

Year 2002 2003 

Car Yield (Unit) 15345 20248 

Car Sales (Unit) 14408 18603 

Sales (Million Yuan) 873 1,517 

Total Asset (Million Yuan) 253 490 

After Tax Profit (Million Yuan) 10 12 

Tax (Million Yuan) 34 69 

Number of Employees 747 852 

Yield Rate (K Yuan/Person) 1,168.7 1,781.1 

 
The above table gives information for the past two years, however, the plant has the 
following targets for the coming years. 
 

TABLE 2: The techno-eco target (calculated by annual yield of 50,000 units) 

 List Unit quantity 

1 production capacity unit 50,000 

 includes: light truck unit 20,000 

 Military light jeep unit 8,000 

 Civilian light jeep unit 22,000 

2 Occupied land area m2 309,139 

 includes: building  area m2 268,855 

3 Total construction area m2 104,046.5 

4 Production equipments set 553 

5 Number of work force  person 1,150 

6 Total investment Million Yuan 279.17 

7 Income for annual sales Million Yuan 3,717.60 

8 Annul cost Million Yuan 3,269.47 

9 Cash flow  Million Yuan 3,221.48 

10 Tax including VAT Million Yuan 291.95 

11 Total profit Million Yuan 156.18 

12 Company income tax Million Yuan 51.54 

13 After tax profit   Million Yuan 104.64 

14 Profit vs. investment % 30.1 

15 Tax vs. investment  % 86.2 

16 Profit revenue  % 4.2 
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COATING WORKSHOP 
 

The structure of the workshop 
The coating workshop in Shunyi plant is constructed using light steel mesh en-

forced by brick wall at the bottom of 1.2 m in height. At the top of the wall there is 
compound thermal structure for the heat preservation.  Furthermore, the roof is also 
made of the same material as of the wall. The roof top’s fans are designed for air circu-
lation. 

The workshop’s total area is 21744 m2, the height is 8.8 m, width of 24 m and 
180m for the length. Daylight from the roof and the wall is combined with electricity 
light for the lighting. 

 
Production Chart  

The task of this workshop is for the coating of vehicles including Luba, Luling, 
Qiling, and Flagship. The process consists of treatment prior coating, eletrophoresis, 
inner coating and surface coating. Two shifts’ working is adopted to guarantee the pro-
duction target of 50,000 units of vehicles.  

The production chart is in FIGURE 3. 
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FIGURE 3: Coating Process Steps 
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THE EFFLUENT TREATMENT OF THE COATING WORKSHOP 
 

The standards adopted in the effluent treatment 
1. The standards for the treatment of polluted water in the city of Beijing 
2. The standards for the air-pollution, GB16297-1996 
3. The standards for noise pollution in the industry, GB12348-90 
4. The standards for air pollution due to industrial oven, GB9078-1996 

 
Study of the pollution of the workshop 

The pollution sources to the environment of this workshop are mainly: noise, ef-
fluent water, effluent gases and waste solid residues. The factory has applied the follow-
ing measures for the treatments. 

 Noise 
Precaution measures have been taken in the designing stage to minimize the 

noise. The requirements have been stressed for the noise reduction during equipment 
purchasing; the workshop has built-in isolation foundation and wall absorption boards; 
soft connections are used between the piping and equipment for the reduction of vibra-
tion; the heavy noised equipments, e.g., cooling pumps, chilling system, etc are installed 
in the enclosure of special rooms.  

After the above measures, it has proved that the no.1 specification of the stan-
dards for the air-pollution, GB16297-1996 has been complied. 

 Effluent water 
The effluent water is sourced from following production stages, degreasing prior 

coating, phosphorised process and final water cleansing.  
The water testing results are:  pH = 8-9; BOD5 = 74mg/L; CODcr = 274mg/L SS = 

73mg/L; mineral oil=16mg/L; Zn(Zinc and its inorganic compounds)=0.145mg/L. 
The effluent water is drained to the waste water station in the factory. In this sta-

tion, the water is treated by the method of “waste water-pH fitting-deposition-air float-
ing-sand filtering”.  After this pre-treatment, the water is drained to sewerage system 
station located in the nearby area.   

 Effluent gas 
The effluent gas is sourced from the polluted air produced by natural gas burn-

ing in the oven, polluted air due to the coating and polluted air expelled from dryer.   
We have measured the smoke from chimney of the dryer and oven and the re-

sults are 7.6 mg/m3, SO2=17 mg/m3, NOx=168 mg/m, blackness of the dust is less than 
level 1. 

It is confirmed that the air pollution of the coating workshop complies with the 
standards of DB11/139-2002 in Beijing area. 

The special treatment has been taken for the air pollution produced by the coat-
ing process. The effluent gas is treated by water spraying using spinning method.  The 
effectiveness of removing the painting dust may reach 98% or above.  The treated gas is 
exhausted through a 25m chimney to the open.  The treatment is complies with the rele-
vant regulation. 

The organic effluent gas produced from the dryers is lead to the oven to mix 
with natural gas for the burning.  There is a 15m chimney for each dryer to exhaust the 
treated effluent gas in the chamber.  The treatment is complies with the relevant regula-
tion. 

 About the solid residues 
The solid residues mainly consist of paint residues, phosphorous residues, used 

sand paper, used cotton wool, mud from sewerage station. Among them, phosphorous 
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residues and paint residues are collected to the solid residues treatment centre in Beijing 
for special treatment. The rest of the solid residues are treated through the normal stan-
dard channel. 
 
Investment for the environmental protection in the company 

4.77 Million Yuan of investment or 2% of the total investment of the company 
has so far used for the waste treatment. 
 
CONCLUSION  

The case study is conducted in the coating workshop of Beijing Automobile 
Works for the pollution sources.  The analysis of the effluent gas, water and solid resi-
dues has confirmed that the treatment measures of the company have complied with the 
relevant national standards. 
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In this paper the successful implementation of the cleaner production practised by Taicang Xintai 
Alcohol Distillery Co., Ltd., China (simplified as Xintai below) was investigated in detail. An inno-
vative circular fitting for production pattern for alcohol distillery was built, though application of 
cleaner technologies, not only over 70% total amount of COD load in Taicang was cut down, but 
also sustainable benefits was brought about. The carbon element in the raw material was used ef-
fectively, and average 52% of energy was input from outside because energy from raw cassava 
were used in recycling and/or cascading ways. Based on the pattern, an eco-industrial model for 
alcohol production was propounded.  
 
INTRODUCTION 

Alcohol distillery is one of industrial sectors, which consumes great amount of 
water and energy. The average consumptions of a ton of 95% (v) alcohol are 102 tons of 
water and 217 kW.h of electricity. Meanwhile 10~15 tons of distillage (or wine/dreg) 
with COD as high as 50,000~60,000 mg/L are resulted. 

Over the years the output of alcohol in China has increased rapidly. It was esti-
mated that the output reached 5,000, 000 tons in 2004. It meant 50,000,000 ~ 
75,000,000 tons of distillage was resulted. It would pollute water seriously if it were 
discharged directly; on contrary, it would be the resources if it were utilized.  

In this paper how to prevent pollution and save energy in alcohol distillery is 
discussed. The achievements of this pattern revealed the importance to implement 
cleaner production and the principle of industrial ecology (Kim et al. (1997). Based on 
this case study an eco-industrial mode for alcohol distillery is suggested. It would pro-
mote the harmony between economy and environment. 

 
PRACTICE OF CLEANER PRODUCTION  
 
Background 

Xintai was established in 1994. Until 1998 it discharged lot of distillage directly 
into nearby Liu River. The amount of the effluent liquor shared 70% of the total amount 
of organic waste of all industrial sectors in Taicang. It began the processes innovation 
and distillage utilization project when the project on renovating Taihu Drainage area 
was launched in early 1998 by SEPA. At first it only paid attention to reduce wastewa-
ter pollution and avoid penalty. Later it found that profit could be made from the full 
utilization of distillage and waste. Then the installation for environmental protection has 
been focused on cleaner production consciously. Now it has been larger, more competi-
tive, and the excellent example of environmental protection in Taicang. In 2003 it pro-
duced 45,000 tons of alcohol in different grades, 20,000 tons of by-product CO2, and 
13million cubic meters of biogas. 

 
 

 



146 S. Guo, Y. Lu, D. Jiang, C. Bao
 

Circular pattern  
One of the essential of cleaner production is 3R, i.e. reduction, recycle and reuse 

of materials and energy (Qian, 2004). Being contrary to linear material-flow of the con-
ventional process, i.e. ‘resource consumption → product → waste discharge’, the recy-
cling material-flow of the circular pattern is closed with the feedback as ‘resource con-
sumption → product → regenerative resource’. In another way, it is an integrated proc-
ess that includes both production and consumption in all levels of the society, enforcing 
laws and regulations and emphasizing to use kinds of advanced techniques. To combine 
3R principles with alcohol production Xintai has performed a creative production pat-
tern with marked characters.  
 Compliance with laws and regulations on environmental protection 

Since the last two decades a series of laws and regulations have been enacted, 
and played two roles in environmental protection (Wang, 2004). On the one hand they 
put the pressure on enterprises; on the other hand they enhance the competitiveness and 
large the market opportunities for enterprises that have done well in environmental pro-
tection for variety of reasons: benefited from preference polices of getting loans in low 
interest and derating sales tax; the appreciation and encouragement from society and 
government to gain advantages over competitors though improving environmental per-
formances, and to protect and enhance their reputation. Xintai has taken the advantage 
of all the supports of available environmental polices since 1998. Step by step it has 
changed its image from a serious polluter into an environmental friend, and won a great 
deal of recognitions from its customers and the society. Recently it has not only sold 
more products but also won more appreciations. 
 Integrated use of the Best Available Techniques (BATs) 

It is well known that technological advancement is one of the pillar stones of 
cleaner production to improve manufacturing processes and to save materials and en-
ergy. Without the support of technology enterprises would be difficult in pollution 
abatement. What severe laws could do is to force them to ‘close, stop, merge, and shift’ 
but couldn’t eliminate real pollution. Unfortunately such measures would go against the 
original intention of lawmakers, because these measures would result unemployment 
and effect people’s livelihood and social stability. In fact, people are in urgent need of 
both products and jobs.  

So how to keep the balance between profit and environment became the tough 
task if Xintai tried to survive. In consultation with many scholars and institutes all over 
China, it decided to apply several BATs recommended by governmental institutions to 
increase efficiency and prevent pollution. 
1. BATs one:  

In the case study, it built up a distillage utilization and wastewater treatment 
consisting of two steps of UASB and SBR. UASB, the step one, was used to ferment 
organic compounds in distillage into biogas and decrease COD from 50,000 mg/L to 
2,000 mg/L; and SBR, the steps two further reduce COD to less than 150mg/L, which 
meets the local secondary effluent standards. Optimising the reaction parameters, it 
yields 33m3 biogas per cubic meter of distillage, much higher than the average amount 
of 23m3/ m3 in China (Xia et al., 1999). Now this integrated mode of combining UASB 
and SBR to treat distillage and mixed wastewater becomes the demonstration project, 
and more and more other alcohol enterprises learned from it.  
2. BATs two:  

The fermentation level was improved by using more effective yeast to increase 
the concentration of alcohol in the fermented liquid from 7.5 %(v/v) to 10.5 %(v/v). In 
this way 25% distillage was reduced, and roughly 38,000 tons vapor (P=0.25MPa, abs, 
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T=280°C) was saved because the feedstock of the distillation process was decreased 
sharply; and the investment could be reduced because the sizes of the distilling towers 
and other auxiliaries were be reduced. In addition, the distillage load of UASB-SBR 
system was reduced from 580,000 to 400,000 tons. It showed that reducing pollution at 
the pipe-of beginning but not -of end is the best choice. 
3. BATs three: 

The cogeneration has been used in Xintai that brought about remarkable energy 
savings in comparison with the system producing electricity and vapor separately. The 
cogeneration saved 25% ~ 30% of energy in comparison to a conventional process 
(Gorsĕk and Glavič, 2003), and the energy efficiency of boiler increased 60% ~ 80% 
(Castier and Pajagopal, 1988). According to local statistics about 10,000 t/a of coal 
were saved.  
4. BATs four:  

There are several methods to remove the particles in gas. In alcohol distillery the 
dry process, showed in figure 1, was usually applied to separate the cassava powder 
from gas, and then to brew it with water in the ratio of 1:3 (wt/wt) 

 
Clean air 
discharged 

Cassava 
powder

 
2 

3

1. bag filter 2. cyclone dry collector 3. exhaust fan 

Pneumatic conveyor 
Of Cassava pow-

FIGURE 1: Dry process for separating Cassava powder from pneumatic-conveyor 
gas 

 
A wet method, showed in figure 2,was used to collect the cassava powder di-

rectly by water! 
It is easy to find out that the wet process was much better than dry process in 

this situation. The defect of wet method was causing secondary pollution from wastewa-
ter, so that the dry methods has still dominated separating solid from gas. The innova-
tive wet process made cassava powder absorbed by water for cooking, and the dis-
charged air was cleaner. In addition, the power of exhaust fan was much less and the 
cost was much less. 
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FIGURE 2: Innovative wet process for separating cassava powder from pneu-
matic-conveyor gas 

5. BATs five: 
The type of heat exchangers were changed from showering to helix-plate so that 

two flows in the helix-plate heat exchanger always flowed adversely in turbulent status 
when the number of Reynolds reached or higher than 1800. Comparison to direct show-
ing type, the later needed less cooling water to exchange the same thermal energy and 
much easier to recycle and reuse the used-up cooling water. The transport power to 
transfer cooling water was also reduced. 

Most of the BATs are not the newest technologies and have been effectively 
used in other sectors, but they are newly used in alcohol distillery. Xintai’s success 
proved the importance to take advantages of domestic best available techniques foe a 
specific industrial sector.  
 Integration of mass and energy inner enterprise 

 1. Integrated use of cassava as the sources of mass and energy  
It is well known that only small part of carbon in cassava are transformed into 

alcohol, and most of carbon is changed into various kinds of organic substances and 
remained in the distillage (Saha et al., 2005). But in Xintai the carbon in distillage were 
reused and most of the carbon was changed into biogas, and which was burned in fur-
nace to generate electricity and vapor. Figure 2 presented the circular process of carbon 
substances. 
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FIGURE 3. Carbon Substances in cassava as the sources of mass and energy 
inner circle--- intra- alcohol distillery, outer circle--- trans- other enterprise 

 

2. Energy Cascading 
An energy cascading system (EMCENTRE, 1993) was built in Xintai based on 

exergy levels of the resources (Gaggioli et al. 1991). In the cogeneration system (refer 
to BATs three), the high pressure and superheated vapor (P≈2.6Mpa abs, T≈4800C) was 
used to generate electricity. The exergy of tail vapor (P≈0.453Mpa, T≈3000C) was used 
in the process of cooking (P≈0.45Mpa abs, T≈2800C) and distillation (P≈0.25MPa abs, 
T≈2600C).  

In addition, the thermal energy of vapor on the top of the distillation tower was 
used to heat the feed of the stripping tower. A part of cooling water (700C) was used as 
brewing water. In this way not only the water but also its exergy was used. In the proc-
ess of fermentation, cooling water (<170C) from underground was firstly used in fer-
mentation (T≈330C), and then continually used in saccharification (T≈650C). The dis-
tillage (≈800C) was used to heat the soft water before UASB-SBR system. The energy 
cascading system made a great amount of energy from heating and cooling process 
saved, as showed in figure 4. 
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FIGURE 4: Energy Cascading according to the exergy level 

3. Water circle and integration  
Xintai made a great achievement of water integration (EnviroNet Australia) by 

designing the water-net showed in Fig. 5, in which the inner circle was within the enter-
prise, and the outer circle was link to the Liuhe Rive 
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FIGURE 5. Water integration between Xintai and the Liuhe River inner circle--- 
Xintai, outer circle--- the Liu River 
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First, the river was the sink of the wastewater after treatment. Second, the cool-
ing water was pumped directly from the river and discharged into the river again with 
two or three degree of temperature increment. Owing to the circular pattern and cleaner 
production, the Liu River has sufficient assimilation capability to tolerate small pollu-
tion loads from Xintai based on impact assessment. The river water was also used di-
rectly as process water, e.g. boiler water after ion exchange treatment. Small part of 
cooling water was used as brewing water (ref. 2.2.3.2) that saved not only tap water but 
also energy. 

Making a comprehensive survey it was easy to find that all of natural resources, 
including Cassava, energy and water were full used, almost reaching the goal of ‘zero 
discharge’ (Ali, 2002).  

 
RESULT AND CONCLUSION 

 
Results 

As compared with the similar distilleries in China, Xintai’s main indicators 
reached or exceeded the advanced levels of alcohol distilleries in China, as showed in 
Table 1. 

 
TABLE 1: Comparison of the main indicators of alcohol enterprises 

(Using cassava as raw material (Huang et al. 2001)) 

Input 

per ton alcohol 

Discharged wastes 

Kg /per ton alcohol 
Types of enterprises 

Cassava 
Kg 

coal 
Kg 

Elec. 
kW.h 

water 
m3 COD BOD SS 

Best level 2640 450 178 50 119 63 30 

Average level of large 
and medium size firms 2778 708 217 95 368 183 89 

Average level of 

small size firms 
2924 1459 307 125 576 237 140 

Xintai 2917 400 165.8 70 2.64 1.32 1.76 

 
Notes:  

Large and medium size firms denote the output more than or equal to 20,000 tons alcohol annually; 
Small size firms were those whose outputs were less than or equal to 5000 tons alcohol/ a; 
 
According to the classification, Xintai belonged to the type of large and medium 

firms. 
 
Conclusions 

From Table1 it is obvious to find out that the indicators of coal and electricity 
input, and waste discharge reach or exceed ‘the best level’ in the country, but those of 
cassava and water consumption are not advanced, and it will discuss below.  

 Integrations of mass, energy and water.  
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This integration is the pile stone of circular economy. With the help of the circu-
lar production pattern, it is possible for alcohol distillery to change the conventional 
linear economy into a closed loop of circular economy.  
 Set up a good show mode for alcohol distillery 

If all of alcohol enterprises in China implement the similar pattern, water envi-
ronment would be improved immensely, because the total volumes of COD and BOD 
discharged by alcohol distillery in the country share respectively 18.0% and 12.5% vol-
umes of all kinds of industrial sectors (Guo et al. 2004). 
 Optimization of multiple objectives. 

Table 1 showed that the indicator of the cassava input in Xintai was not as good 
as average level, but that of coal input was much better. Because the concentration of 
starch in the raw material used in Xintai was much lower than those counted in Table 1. 
in table 1 the cassava was denoted the cassava that contains about 65% starch. But in 
our case study, the raw material was the mixture of cassava and cassava residue from 
which the starch was extracted. one the one hand, it really increased the consumption of 
water and steam; but on the other hand, it was helpful to increase the level of fermenta-
tion of fibre, and to bring more biogas from distillage. The extra biogas and energy cas-
cading of cogeneration compensated the extra consumption of steam. Xintai’s experi-
ence reminded us of the importance of optimisation of multiple objectives.  
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An assessment approach is presented for comparing process concepts in an integrated multicriteria 
environment especially at early design phases. The method contains the consideration of company 
priority settings, selection of comprehensive set of criteria, scope definition, consideration of lifecy-
cle and uncertainty aspects, and multiple criteria decision making. The aim of the method is to 
answer to the requirements of the changing engineering and business environment, where processes 
are more integrated and sustainability criteria need to be included in the evaluations. Finally, a 
case study on methyl methacrylate process concept selection is presented. Conclusions on process 
evaluation and decision making are given. 
 
INTRODUCTION 

The aim of process design is to create a process that is economic, safe, and envi-
ronmentally benign throughout the whole lifetime of the plant. The complexity of proc-
ess plants is increasing all time due to integration and more sophisticated process con-
cepts and automation. Therefore the process design and related decision making is be-
coming more and more demanding.  Typically multiple design goals are to be met, since 
profitability is not the only criterion considered today. Development of new products 
and technologies has to take place in a shorter time than before leading to integration of 
research, development and design steps. This development increases pressure on im-
plementing new methods and integrating functions in engineering, business and man-
agement − areas, which used to be much of separate disciplines. Also the routines of 
design and decision making methods need to be modified for the changing engineering 
and business environment.  

The aim of the paper is to present an approach for comparing process alterna-
tives in an integrated multicriteria environment, which would answer to the require-
ments of the new engineering environment. 
 
SUSTAINABILITY AND PROCESS INTEGRATION 

Sustainability is one of the major forces affecting process industry in the future. 
It is often defined as ‘meeting the needs of the present without compromising the ability 
of future generations to meet their own needs’. A generally accepted division of sustain-
ability is to divide it into 1) economic, 2) environmental and 3) social sustainability. 
There also exist worldwide programs to enhance sustainability in industry such as the 
Responsible Care program in chemical industry. The participants of this program are 
committed to sustainability and improvement of operation by considering safety, health, 
environmental (SHE), and social aspects. Therefore these evaluations need to be in-
cluded in all the business and engineering operations in an integral way.  

Process integration (PI) is a way of implementing sustainable principles through 
reuse of materials and utilities. The traditional process integration developed in 1970's 
dealt only with heat integration. Later also mass integration came into picture through 
analogies with heat transfer. Nowadays PI can be understood in several ways: 
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1) Integrating (i.e. reusing) heat and mass streams in a plant, a site or commu-
nity. 
2) Manufacturing chemicals needed on a site locally (onsite integration). 
3) In business literature; integration of business and manufacturing processes 
Process integration has lately been defined also very widely as ‘design, opera-

tion and management of industrial processes with system-oriented and integrated meth-
ods, models and tools’. This definition covers in addition to material, energy flows also 
information streams of the plant as well as the business and technical processes during 
the whole life cycle of the plant from process development to plant retrofit.  This wider 
definition of PI is called comprehensive process integration (Hurme and Tuomaala, 
2003). It deals with integration of 1) different company functions such as (management, 
business, engineering and operation), 2) geographic areas (different units and plant and 
society) and 3) balancing of material and energy i.e. raw materials and utilities to opti-
mize plant performance according to company strategic goals over the value chain.  

 
DESIGN CYCLE 

In a design project the main technical principle of a chemical  process is selected 
in a very early phase. At this stage there is available only limited information on the 
engineering and economic details. Therefore the evaluation is based only on incomplete 
and partly inexact information. The design paradox is that in the conceptual phase there 
are many degrees of freedom to make choices, but for this there is only limited informa-
tion available. Later in the project, when the process is well known, there are no possi-
bilities any more to make large changes, except in retrofits, which come years later 
(Figure 1). Because the major decisions are made in the first design phases, there is a 
large motivation to improve evaluation and decision making in these phases. 

A process goes through various stages of evolution. The typical design and deci-
sion steps phases are the following (Table 1): 

 In the idea phase the first check of the viability of a new idea is often done 
quite quickly. If the idea looks promising in economic and SHE terms, preliminary re-
search and development can be started by a research decision.  

In research and development phase the chemical and physical background and 
phenomena of process are cleared either from literature or by experimenting. The main 
aspects are often the study of the chemical reaction steps and subsequent product sepa-
ration systems. In this phase bench and pilot experiments may be necessary for scale-up. 
Nowadays also mini plants are used to allow continuous process testing in small scale. 
In R&D phase, which includes also conceptual tasks, the designer has the greatest op-
portunity to implement improvements related to main principles, since major decisions 
are done here. 

Preliminary engineering (or process predesign) is often done only for one or two 
most promising process alternatives. Material and heat balances for the process concept 
are calculated and flowsheet diagrams generated. For this purpose the type of unit op-
erations have to be decided, if not already done in process development. Preliminary 
sizing of main equipment and a preliminary layout is also done. More accurate estima-
tions of cost and profitability, safety and environmental aspects are made in a feasibility 
study to find out, if the project is still promising. Even the operating conditions of key 
operations are partly determined already in process development, there are still good 
opportunities to process changes for example by applying process integration and inten-
sification. 
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FIGURE 1: Process lifecycle and opportunities of installing conceptual and added-

on features 
 

TABLE 1: The design steps, process lifecycle and major decision steps 

1. Idea  

 - R&D-Decision 

2. Research and Development 

3. Preliminary process design (pre engineering) 

 - Design decision 

4. Basic engineering 

 - Investment Decision 

5. Detailed engineering (plant engineering) 

6. Procurement, fabrication, construction, installation 

 - Start-up decision 

7. Start-Up  

8. Operation, maintenance 

 - Retrofit decision 

9. Modifications, retrofitting 

 - Closure decision 

10. Decommissioning 
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A plant construction project starts with basic engineering. The main task is to 
make the piping and instrumentation diagrams. All process data for equipment is de-
fined. Automation designers make the basic definition of the automation system. Possi-
bilities to conceptual changes are small and the design concentrates on process details 
and added-on systems. 

 The degrees of freedom to make changes are coming smaller and smaller in the 
following steps: detailed engineering, construction, start-up and operation. However 
the actions in retrofit phase resemble much those in process and detailed engineering 
phase. In the retrofit it is also possible to install new add-on features and even too make 
some conceptual changes (Figure 1). The tasks and documents produced in the first de-
sign phases are presented in Appendix 1.  

 
DESIGN AS DECISION MAKING 

As seen, the plant lifecycle includes many separate steps with decisions. In fact 
design is a form of decision making.  All the steps in design cycle follow general prob-
lem solving steps (Figure 2).  
 

Goal DefinitionGoal Definition

Generation of AlternativesGeneration of Alternatives

AnalysisAnalysis

EvaluationEvaluation

Decision MakingDecision Making OptimizationOptimization

structure

parameters

 
FIGURE 2: The design cycle 

 
Goals 

The project goals need to be aligned with the targets of the firm by analyzing the 
strategic goals of the company. The analysis of company operating environment is util-
ized to sharpen design constraints, since it includes an analysis of future trends and 
stakeholder requirements. This will ensure that the design serves the targets in the long 
run. This step is important also, since studies show that top managers (CEOs) don't 
spend much time on the R&D and design related aspects but mainly focus their atten-
tion on marketing and production (Roberts, 1977). See Figure 1. 

 
Generation and Analysis of Process Alternatives 

Alternative process modifications are generated by using process synthesis 
methods, engineering experience and creativity. Analysis of the process alternatives is 
done with process calculation methods and simulation tools, such as flowsheeting for 
the influence area selected. The scope definition is important in the evaluation of proc-
ess alternatives. The different scopes can be equipment, subprocess, process, plant, site, 
company or community.  A new process has usually interaction with the other processes 
in the site due to the integration benefits. The effects are often related to the utilization 
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of raw materials, products, side products or utilities. There may also be negative effects 
due to safety or changes in utility balance. The analysis scope defined should be wide 
enough to allow consideration of these effects. 
 
Evaluation, Criteria and Indicators 

A process alternative is evaluated by calculating the selected performance indi-
cators for the selected criteria. It is defined, which aspects are included in the evalua-
tion, for example if process safety is concerned and by which indicator it is measured. 

Performance criteria are the way to evaluate the process performance. The gen-
eral process performance criteria can be divided into three categories, which together 
with their subcriteria cover the criteria needed in industrial decision making (Tuomaala 
et al. 2001): 1) economy, 2) safety, health, environment (SHE), 3) technological per-
formance (technological novelty, operability, availability and technical performance; a) 
Operability is further divided to controllability and flexibility. b) Availability is divided 
to reliability and maintainability (Figure 3). 

The three groups have obviously strong interactions. The idea is that one group 
includes purely economic aspects, the other classical sustainability aspects (i.e. SHE) 
and the third technical aspects (described in non-economic terms).  
 
 E c o n o m y  a n d  

p r o f it a b ilit y  

T e c h n o lo g y

S H E  

T e c h n o lo g ic a l 
N o v e lt y  
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P e r fo r m a n c e  

C o n t r o lla b ilit y   F le x ib ilit y  R e lia b ilit y   M a in t a in a b ilit y  

  

FIGURE 3: The three main groups of evaluation criteria 
 

The criteria are measured by indicators. For instance the indicators for profitabil-
ity can be e.g. internal rate of return (IRR) or cash flow. Different indicators represent a 
different point of view of the criteria.  

The indicators can be divided into two different categories; 1) indices (or rela-
tive indicators) such as safety index and 2) absolute indicators such as accident rate or 
cash flow per year. Table 2 lists some indicators. Economy can be measured by well 
known profitability indicators. For SHE index-based approaches (ISI, PRHI, IETH) 
have been presented for example by Heikkilä et al. (1996), Hassim and Edwards (2005) 
and Gunasekera and Edwards (2005). 
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TABLE 2: Some criteria and their indicators 

Criteria Index indicator Absolute indicator 

Economy ROI, IRR Cash flow, NPV 

Safety ISI Accident risks, accident rate 

Health PRHI Chemical exposure, sick leave hours 

Environment  IETH Waste amount, emission rate 

Life-Cycle Perspective 
Simple evaluations are often done by assuming a constant process performance 

and a constant operating environment for the whole plant lifetime. This is of course a 
simplification. For these evaluations typically index based methods are used. More ac-
curate evaluations would use forecasted values for the lifetime performance. This means 
cash flows for economics, waste and emission rates for environmental evaluations, ac-
cident rates and consequences for process safety and chemical exposure values repre-
sented as cumulative curves (Figure 4). In case of yearly estimates a question rises, 
whether these should be used as such; i.e. summed together for the lifetime comparison, 
or should some type of discounting calculation used also for SHE aspects as it is done 
for cash flows in calculating the net present value (NPV). It can be argued that discount-
ing would also be appropriate for SHE indicators, since immediate risks are most un-
wanted. For risks taking place later in future there is a possibility to take action in the 
meantime by installing added-on systems to prevent them, which is not a possible way 
of preventing immediate risks. Also one may argue that the emissions taking place later 
are not so harmful as those taking place now for example to employees, because of the 
shorter predisposing period. Therefore 'discounting' could be done for SHE indicators 
too, but it is not done, since there is no theory, how much these values should be dis-
counted. 
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plant  
closure project 

start
plant start-up 
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accident risk 
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FIGURE 4: Cumulative cash flow and SHE effect curves for an investment alter-
native 
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Uncertainty  
Uncertainty is present in all aspects of design and forecasting. In fact the main 

aim of design is to reduce uncertainty. This is gained by increasing knowledge on the 
systems through the design (Figure 1). In principle three types of uncertainty exists in 
making process concept evaluations: 

1) Uncertainty on what is the true performance of the process; i.e. the SHE val-
ues and cash flow rates used in evaluations. This uncertainty is possible to be 
minimized by using advanced studies with modelling and experimentation. 
2) What are the value settings and preferences of the company and its operating 
environment; how they are changing with time? This uncertainty can be mini-
mized by better analysis of operating environment and trends, by planning flexi-
ble plants and obviously by retrofits 
3) How is the value of the outputs and other indicators changing with time. What 
is the economic value of the product. What are the SHE values of the emissions. 
Are some evaluations changing during time, such as toxicity limits etc. This un-
certainty can be minimized by better market studies and forecasting. 
In general uncertainty can be managed by:  
1) Sensitivity analysis, where it is studied, how uncertainty in one variable af-
fects performance indicators. 
2) Scenarios, where the effect of uncertainty in several variables is analysed at a 
time.  
3) Expected value analysis in which probabilities are used and the expected 
value of  performance indicators calculated.  
4) Real option analysis, in which economic criteria such as NPV include an op-
tion premium, which is the flexibility value for the investment in a changing en-
vironment. In this way the method tries to take into account the ability of an in-
vestment to operate in an uncertain environment (Trigeorgis, 1997). 

 
Decision Making 

In decision making the performance of the process is studied by using multiple 
criteria evaluation. The compromise situations are evaluated. The decision is made, 
whether the process alternative is to be accepted, improved or rejected.  

The growing importance of SHE aspects has increased the number of non-
commeasurable aspects considered in design. The decisions have to be made more and 
more in a multicriteria environment and considering uncertainty. A further complicating 
aspect is the growing degree of process integration, which increases system complexity 
and makes it difficult to determine the right influence area and number of variables, 
which are affected by the project. Possible ways of making decisions are the following: 

1) Expressing all indicators with one measure (single objective function), such 
as money. This method leads to obvious problems, if non-financial terms, such 
as safety, cannot be expressed in money terms.  
2) Another way to change a multiobjective situation to a single one, is to weight 
different indicators. The weight deriving is however very arbitrary and some-
times leads to unwanted results. 
3) Pairwise comparison allows comparing alternatives by using a table with se-
lection criteria. 
4) Analytic hierarchy process allows deriving of weightings by comparing sub-
jectively the relative importance of criteria as pairs.  
5) Determining Pareto optimality curves gives an understanding of compromise 
areas. This approach discusses situations with no trade offs. 
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6) Interactive methods allow the decision maker to get a feeling of the aspects 
affecting on the decision making. These methods however requires a mathemati-
cal model of the process or its economics and are not very suitable for compar-
ing discrete cases. 
7) Visualization is an effective way of presenting different variables in an under-
standable form for the basis of decisions. There is a wide range of visualization 
techniques available to aid decision making. 
 

SUMMARY OF THE PROPOSED ASSESSMENT APPROACH 
The method for assessment of process concept in early design phases follows the 

principle of Figure 2 with some additional features.  
Determination of the goals and priority settings of the project is done first. This 

will also affect on all the subsequent assessment steps.  It is the task of management to 
create the company strategy, which will give the priority setting for the projects also. 
The interpretation of the strategy as project goals is done, when the project is launched 
and it is expressed in the basis-of-design document.  

Identification of the project key decision points and variables is done (Virkki-
Hatakka et al. 2004). This will help to analyse in which point of the design chain as-
sessments can be done accurately enough. If the main decision on a certain aspect is not 
yet done, also the evaluation is inaccurate. 

Selection of evaluation criteria should be done to cover all the groups of criteria 
represented in Figure 3. The three categories presented together with their subcriteria 
cover all the criteria needed in industrial decision making.  

Selection of the indicators for the criteria depends on the design stage where the 
comparison is made. The comparison criteria change from quite simple indicators in the 
R&D phase to more accurate ones in the basic engineering phase. For example safety is 
first measured by only considering safety properties of chemical involved, then by an 
index method considering the process conditions (temperature, pressure) and heat of 
reaction. Finally process structure and equipment types are also taken into account 
(Hurme & Rahman, 2005). The accuracy of the process rankings will also depend on 
design stage, when it is made: If the main decision on the aspect is not yet done, the 
result of evaluation is poor. Appendix 1 gives a list of tasks and information produced 
in the first design steps.  

Determining the scope, i.e. the area of influence, is important especially in cases 
with process integration. Typical mistake is to consider a too narrow scope. The scope 
selection requires knowledge on the process and site. Some effects may be quite wide-
spread such as effect on the utility balance of the site. 

Forecasting the lifecycle values of the performance indicators is done. The 
changes in operation environment are considered at least for the main variables. 

Consideration of uncertainty is based on the analysis of main variables and their 
level of uncertainty. It is useful to determine what part of uncertainty is predictable (can 
be reduced) and which is residual (cannot be affected).     

In practice decision making is typically made by common sense based on facts. 
Still, to support this kind of decision-making, it is useful to use decision aids. The 
methods include decision tables etc. but it is necessary to understand that each decision 
method gives only a limited point of view. Therefore it is necessary to use several 
methods at a time. Preference should be given to interactive methods, which give an 
opportunity to get a feeling on the sensitivity of the system on the main variables. Visu-
alization is a simple and helpful tool in displaying the effects of main design variables 
and uncertainty on performance criteria. 
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CASE STUDY ON METHYL METHACRYLATE PRODUCTION 
A case study on the selection of methyl methacrylate process routes is given to 

demonstrate the different aspects of decision making.  
Methyl methacrylate can be produced in several ways. The most popular is the 

traditional acetone cyanohydrin route (ACH). Recent development of the technology 
has made several other routes available: ethylene based route with methylpropionalde-
hyde intermediate (C2/PA), ethylene based route with methyl propionate intermediate 
(C2/MP), propylene based route (C3), isobutylene ammoxidation route (iC4), tertiary 
butyl alcohol route (TBA). The characteristic features of the six process routes to MMA 
are summarized by Lawrence (1996). 

The routes were evaluated based on economic and SHE criteria (Table 3). Such 
criteria were selected, which are possible to calculate in the early phases of design, es-
pecially in the conceptual design phase. They are cost, inherent occupational health, 
inherent safety and impact to environment. The selected indicators were measured by; 
manufacturing cost (Lawrence, 1996), Process Route Healthiness Index (PRHI) by 
(Hassim and Edwards, 2005), Inherent Safety Index (ISI) by Heikkilä et al. (1996) and 
Inherent Environmental Toxicity Hazard (IETH) by Gunasekara and Edwards (2005). 
One should note that these represent only a certain point of view of the criteria. For ex-
ample inherent safety don't include added-on safety systems, which are essential but 
cannot be evaluated during preliminary design phases. 

Combined evaluation of economical and SHE point of views is a typical multic-
riteria evaluation, since the criteria cannot be combined directly. It would be possible to 
weight these criteria based on company goals. For this purposes weighted scoring meth-
ods, pair wise comparison method or Analytic Hierarchy Process (AHP) can be used. 
An alternative approach is to use heuristic analysis with visualization of variables. 

By using a criteria weighting method, it is found that TBA is the best and ACH 
the worst process with nearly all values of weightings. If the weights are changed, there 
are some variations in the process rankings. If SHE criteria are weighted only 5% each, 
C3 process comes equally good as TBA.  

As seen from Table 3 the ACH process is the worst alternative by nearly all of 
the indicators. It is interesting to notice that ACH process is the most common MMA 
manufacturing method. Nearly 80% of world capacity is using ACH process, even 
about 55 % of the new capacity is using other methods (Anon, 2004). There are several 
reasons to this: 1) Upstream integration; i.e. the raw material availability affects the 
process selection a great deal. 2) Downstream integration; i.e. the manufacturing cost is 
less, if the waste streams can be properly integrated: The given ACH process cost value 
includes costs for the auxiliary units needed for the process. In some cases these may be 
existing and common with other processing units, which lowers the cost. 3) The evalua-
tion by using these indicators does not reflect all decision aspects: For instance the 
added-on safety aspects, such as control systems cannot be evaluated in the conceptual 
design phase. Also; the IETH index represents only environmental toxicity hazards due 
to catastrophic failures in the plant, not normal emissions.  
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TABLE 3: Economic and HSE evaluation of the methyl methacrylate process al-
ternatives (best values underlined) 

Process 

route 

Relative manu- 

facturing cost / t 

Health 

PRHI 

Safety 

ISI 

Environment 

IETH 

ACH 
C2/PA 
C2/MP 

C3 
i-C4 
TBA 

1234 
1042 
903 
780 
897 
839 

2578 
1073 
22 

2659 
13 
5 

132.3 
89.3 
89.3 
66.7 
61.33 
61.33 

68.0 
24.7 
16.3 
21.4 
10.1 
15.7 

 
Lawrence 

(1996; modified) 
Hassim & Edwards 

(2005) 
Rahman et al. 

(2005) 
Gunasekera et al. 

(2005) 

 
CONCLUSIONS  

Because of the sustainability requirement set to the chemical processes, their 
evaluation in the conceptual design phase is coming more demanding. The paper pre-
sents an approach for comparing process concepts in a multicriteria environment during 
the early phases of design. In these phases typically many index-based methods are used 
for SHE evaluations. The right selection of indicators is important, since they may have 
a narrow point of view. It should be noticed also, that the integration aspects in up- and 
down-stream side of the process affect much on the feasibility as well as the raw mate-
rial availability on the site, which is much of a strategic issue. These aspects are some-
time underestimated in evaluations. The selection of the scope of evaluation is impor-
tant, since the extent of integration and possible common auxiliary units determine 
much of the economics of the process nowadays. 
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APPENDIX 1: Tasks of conceptual design phases, information produced and cost, 
environmental and safety indicators available in the first design phases  
 
LC phase Tasks Information pro-

duced 
Cost Environ- 

ment 
Safety 

Idea 
phase 

First check of feasibility on  
   economics, and SHE 

First evaluation of 
  feasibility 
Basic data on 
 chemicals 

Material 
margin 

Chemical 
properties 

Chemical 
properties 

Process 
R&D 

Examination of raw materials and 
reaction chemistry 
Creation of process alternatives 
Examination competing process-
es,  patent and license situation 
Market analysis 
Examination of legal aspects 
Laboratory & reaction calor. tests 
Preselection of unit operations 
Bench and pilot scale tests 
Making of prefeasibility study 

Chemicals used and 
their characteristics 
Chemical reactions  
Chemical interactions 
Reaction thermody-
namics 
Physical properties 
First process concept 
First flowsheet  
Pre market study 
Prefeasibility study 

Rough 
investment 
cost ± 50 %  
Operating 
cost, 
Profitability 
 

Inherent 
environ. 
indices, 
Environ. 
properties 
of chemi-
cals and 
side 
products 

Inherent 
safety 
indices, 
Chemical 
and reac-
tion haz-
ards 

Process 
predesign  

Process concept selection from 
alternatives 
Selection of unit operations 
Flowsheet simulation  
Preliminary equipment sizing  
Logistics and material flows anal. 
Rough ISBL layout 
Estimations of emissions 
Making of feasibility study  

Process concept  
Flowsheet 
Material balance 
Energy balance 
Operating conditions 
Layout sketch 
Feasibility study 
  (profit, SHE) 
Market study 

Preliminary 
investment 
cost ± 30 % 
Operating 
cost 
Profitability 
 

Emission 
rates and 
their ef-
fects, 
Prelim. 
environm 
analysis 
 

Inherent 
safety 
indices, 
Dow F&E 
index 
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Dynamic Material Flow Analysis (MFA) and Life-Cycle Assessment (LCA) are often discussed as 
different approaches in the field of corporate sustainability. Whereas dynamic MFA is focused on 
the dynamic behavior of flows and especially stocks in time, LCA is based on the principle of cause 
and effect and results in static models. LCA and LCA-type approaches like life-cycle costing have 
to determine the material and energy flows, the corresponding impacts and costs relating to the 
positive outcomes of a decision. 
Both approaches provide their own, valuable results. In this article, the different results are inter-
preted as indicators of industrial metabolisms in distinct perspectives. To provide data in more 
than one perspective, hybrid analyses are required, and different methods have to be linked to-
gether. One architectural design pattern for such a framework is the tool chain. This article dem-
onstrates how to implement such a modeling tool chain in the domain of industrial ecology. 
Hybrid analysis comprises also the integration of the results. To bring together results in different 
perspectives this article proposes to apply the balanced scorecard concept to industrial ecology or 
the analysis of industrial metabolisms in different perspectives. 
 
INTRODUCTION 

Udo de Haes et al. (2004) have discussed three strategies to overcome the limita-
tions of life-cycle assessment. One strategy is to broaden its field of applicability (see 
Udo de Haes et al., 2004: 20). Indeed, such extensions cannot overcome limitations of 
the concept. The conceptual limitations result from a special interpretation of the princi-
ple of cause and effect. The cost accounting expert Riebel discusses three different in-
terpretations: the causal interpretation, the final interpretation (or means-end relation-
ship), and the identity principle (Riebel, 1990: 49).  

Life-cycle assessment follows the most common interpretation in cost account-
ing and analyses means-end relationships. Consequently, the first modeling step to de-
termine life-cycle inventories starts with a functional unit or a reference flow. The chal-
lenge of this step is to determine all material and energy flows associated with the refer-
ence flow. Here another interpretation of the principle of cause and effect comes into 
play: the causal interpretation (for details see Riebel, 1990: 70). If networks of material 
and energy flows without any references to products or services are modeled using ma-
terial flow analysis methods, such a model follows the causal interpretation. The chal-
lenge for life-cycle assessment is to bring together these two interpretations. To do so, 
life-cycle assessment looks at networks of material and energy flows, stocks and trans-
formation processes in a specific perspective: stocks are not allowed, processes are 
specified in a linear manner by production coefficients, and joint productions are di-
vided into single product processes using allocation rules. The function of life-cycle 
inventory methods is to determine all process levels so that all input and output flows 
can be calculated applying the production coefficients. Indeed, such a perspective has 
several weaknesses. Particularly, life-cycle assessment decomposes complex, joint net-
works of material and energy flows and stocks into several disjoint models, represented 
by flow graphs, one for each product. 

Another strategy is to provide a toolbox with different modeling tools. Such an 
approach allows incorporating different modeling methods. The modeling expert selects 
that tool most suitable for his problem. For example, if dynamic material and energy 
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flow networks with recycling loops and different products within a closed-cycle-
economy should be analyzed a dynamic material flow analysis tool is appropriate. It 
could be interesting to combine the results with life-cycle assessments of all involved 
products. But such a combination is not intended in the toolbox strategy. 

Consequently, Udo de Haes et al. call the third strategy hybrid analysis. They 
discuss mainly the combination of traditional process-oriented life-cycle assessment and 
input-output life-cycle assessment. This paper proposes a tool chain that allows the 
combination of dynamic material flow analysis, static material flow analysis and life-
cycle assessment. In this tool chain, life-cycle assessment stands for a set of tools which 
identify means-end relationships within the networks and calculate respective results, 
mainly life-cycle inventories and cost. 

 
HYBRID MODELS IN INDUSTRIAL ECOLOGY 

To use hybrid analysis in the field of industrial ecology, it is necessary to con-
sider the architecture of the model, resulting from the composition of different models, 
particularly with regard to the design of appropriate software support. Each of the mod-
els has to accomplish two different functions. The first is to produce its own results; the 
other is to serve as a data provider for other models in the framework. For example, 
process simulation tools provide information about waiting times, dwell times, bottle-
necks and so on. But process simulation can also serve as a data provider for material 
flow analysis and life-cycle assessment (see Wohlgemuth, 2005); process simulation is 
an important link to product design (Möller & Rolf, 2001). 

Ideally, the output of one model can serve directly as data input of another. Un-
fortunately, mostly some kind of mapping between the involved models is required. 
Following the adapter design pattern in software engineering, conceptual adapters are 
normally required between the different models. One example is the combination of 
period-oriented material flow analysis and life-cycle assessment. Material flow analysis 
results can serve as a data input for life-cycle assessment, but not directly. Some adapta-
tions are required, for example the application of allocation rules in case of joint pro-
ductions. It is the principal purpose of an adapter to perform these adaptations.  

Several network architectures are possible (see figure 1). The term tool chain de-
scribes one of them. The tool chain stands for a chain of different models or instru-
ments, one model serves as a data provider for the subsequent. A generalization of the 
tool chain is the central database. One of the methods has to provide a central database. 
On the one side, chains of tools are used to insert data into the database; on the other 
side, tools or tool chains evaluate the database under different perspectives.  
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FIGURE 1: Modeling framework for hybrid analysis 

 
However, the resulting network of models has to meet several requirements: 

What is the relationship between the results of the different analyses? How can overall 
consistency in the results be ensured? Common perspectives and metaphors help to 
guarantee overall consistency in such a system. One of such metaphors in the field of 
industrial ecology is industrial metabolism.  

 
ANALYSES OF INDUSTRIAL METABOLISMS 

As mentioned above, it is necessary to distinguish networks of material and en-
ergy flows and stocks in general, and the specific perspective of life-cycle assessment. 
The term industrial metabolism can be used for these generalized networks (see Fischer-
Kowalski, 1998: 62). It bases on the analysis of metabolisms in biology and ecology. 
Terms like industrial metabolism or socio-economic metabolism stand for approaches to 
apply the topics, ideas and approaches to socio-economic systems: “It makes sense, 
therefore, to look at human communities and societies as organizations serving human 
survival. Societies will, in effect, sustain a metabolism that at least equals the total me-
tabolism of their members” (Fischer-Kowalski, 1998: 63). The metabolism as a meta-
phor introduces analogous categories of sub-systems like production, consumption, re-
duction and so on. It provides the prerequisites to model sustainable and self-
referencing material and energy flow systems. In fact, the metabolism perspective is 
already basis of modern production theory (see Dyckhoff, 1994, Schmidt, 2005). 

The purpose of life-cycle assessment, material flow analysis and other instru-
ments is to provide data on industrial metabolisms. In the toolbox strategy there are no 
links provided between these instruments, and because of possible inconsistencies in the 
models it is a big challenge to transfer data between the models and to integrate the re-
sults. Here, the metabolism approach can serve as an overall concept and integration 
platform. The representation of material and energy flows and stocks in the considered 
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system can serve as a data source for different evaluation tools. This database has an 
analogous function to business accounting systems in companies.  

 
Material Flow Networks as a Database 

A well-established accounting method in the private sector is double-entry 
bookkeeping. The purpose of double-entry bookkeeping is to represent the financial 
flows and stocks of an organization. This uniform method makes it possible to carry out 
different evaluations. It provides information on what financial flows have occurred in a 
period under review (fiscal year) and how the opening inventory has changed after this 
period. 

The material flow network approach is an analogous accounting system, but its 
purpose is to represent industrial metabolisms. Here, material and energy flows instead 
of financial flows are considered. The objective of material flow networks is to trace 
material and energy flows and stocks within a company or between different companies 
within a value chain (Schmidt et al., 1997). 

Based on the concept of Petri Nets (Reisig, 1985) material flow networks consist 
of three different types of model elements: transitions, places, and arrows. The nodes in 
the network may be either transitions, visualized as squares, or places, represented by 
circles. Between these nodes there are arrows as linking elements. Transitions are those 
objects in a material flow network, where material and energy transformation processes 
occur. Each transition can, on the one hand, be connected to places from which it is sup-
plied with materials and/or energy (input), and on the other hand be connected to places 
to which it delivers materials and/or energy (output). Places represent storages in which 
time transformations take place. As a result a period-oriented material and energy flow 
model is obtained. 

Such a model or database of material and energy flows and stocks can be evalu-
ated directly by means of input/output balances. A table lists inputs and outputs of all 
material and energy flows of the system within the accounting period. It is also possible 
to analyze only parts of a system, for example single production plants within a value 
chain. Therefore, input/output balances provide important indicators which characterize 
the metabolic throughput of systems, relating to a specific time period.  

Time series of input/output balances can provide information about the devel-
opment of the material and energy flows of a metabolism, but this approach does not 
emphasize the dynamic behavior of material and energy flows. Thus, material flow net-
works can be characterized as a static material flow analysis method. Nevertheless, the 
concept of places provides an ideal interface to dynamic material flow analysis. 

 
Life-Cycle Assessment as a Client Method of Material Flow Models 

As mentioned above, LCA-like instruments require input data in a specific for-
mat. If material flow model should serve as a data provider for life-cycle assessment, an 
adapter has to transform the data into this specific format. The adapter has to perform 
the following tasks: 

1. Identification of all functional units or reference flows, in other words products 
and services, in the material and energy flow model.  

2. Input and output flows of the processes are interpreted as linear production coef-
ficients. In case of cost accounting the cost drivers are included too.  

3. The reference flows of the processes, mainly the products, must be identified. In 
case of joint productions, identifiable by the number of reference flows or prod-
ucts, allocation rules must be applied, to obtain single product processes. 
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4. On the basis of the network, a flow chart has to be constructed. This graph con-
tains only single product processes. 

The flow graph is the data input of common matrix methods. These methods calculate 
the process levels of all involved processes; thereafter, the production coefficients and 
cost drivers are used to calculate the product related material and energy flows and cost.  

The application of the adapter requires some preparations in the material flow 
model. It must be possible to identify the reference flows, joint productions and so on. 
In this regard the production theory of Dyckhoff is of special importance (see Dyckhoff, 
1994, with regard to life-cycle assessment Schmidt, 2005). In particular, the categoriza-
tion of all material and energy flows into 'goods', so-called 'bads' and 'neutrals' links two 
levels, the object level of material and energy flows, and the level of economic revenues 
and economic and/or ecological expenditures. Moreover, this concept also links two 
interpretations of the cause-and-effect relationship: the causal interpretation on the level 
of material and energy flows and stocks, and the means-end relationship on the level of 
revenues and expenditures.  

 
Dynamic Material Flow Analysis as a Data Provider 

Static material flow analysis is not the only approach to represent networks of 
material and energy flows and stocks. Another basic approach is dynamic material flow 
analysis (Müller et al., 2004). The term ‘dynamic’ indicates that these models are fo-
cused on the temporal dimension of material and energy flows and stocks. 

Even though dynamic material flow analysis provides new insights, it can also 
serve as an important data provider for static material flow analysis. It is often difficult 
to specify the input data of the static material and energy flow models, for example in 
case of chemical processes. Sometimes it is easier to describe the dynamic behavior of 
such a material and energy flow system in terms of growth rates, decay, half-life periods 
and concentrations, particularly regarding semi-closed loops and delayed feedbacks. 

Dynamic material flow analysis is a specific domain of dynamic modeling. If the 
number of state changes in the model is finite, these models are called discrete event 
simulation models. Discrete event simulation models are used to analyze behavior or 
strategies for warehouses, production chains or call centers and so on (Page, 1991).  

In some systems the states change continuously. To deal with these dynamic 
systems continuous simulation models are more appropriate. A well-known modeling 
technique in the field of continuous simulation is System Dynamics (Forrester, 1961, 
Hannon & Ruth, 2001). System Dynamics models contain a number of stocks, shown in 
diagrams as rectangles, and flows, displayed as double-lined arrows. Any flow directed 
to the stock increases its level, and the flow going out of the stock decreases its level. 
The amount of flow in and out is regulated by rates, visualized as “water valves”. So-
called connectors, visualized as circles, are used as helper elements to specify user-
defined functions and parameters. They are linked to other nodes in the diagram and 
serve as “information flows”. The information flows control the water valves, and often 
the stocks in the model are the origin of the information flows. By this means, the mod-
eling approach makes it easy to represent and simulate feedback systems. 

An important drawback of System Dynamics in the application domain of dy-
namic material flow analysis is that it is practically almost impossible to represent mate-
rial and energy transformations. As well, it is a challenge to deal with a multitude of 
material and energy flows in System Dynamics models. Consequently, System Dynam-
ics is indeed discussed in literature, but scarcely applied in practice. 

In principle, two types of enhancements are possible. The first option is to repre-
sent material and energy transformations in System Dynamics models. Whereas in tra-
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ditional System Dynamics models the water valves control exactly one flow, the transi-
tion specifications in Material Flow Network models allow several input and output 
flows to be incorporated, and mappings between inputs and outputs can be specified. 
This approach can be applied in System Dynamics models, too. Consequently, such a 
modeling approach has to deal with more internal flows, new input/output flows, and 
more stocks. Nevertheless, the underlying simulation methods, in particular the integra-
tion methods, are not significantly affected by this extension. This enhancement of Sys-
tem Dynamics could be called material flow dynamics (Möller, 2004). 

Adapters to static material and energy flow models can be realized straight for-
ward. Two approaches are feasible. The first is to calculate the period-oriented mean 
value of all material and energy flows within the dynamic model; the stocks at the be-
ginning and the end of the periods can be transferred directly. In the second approach 
possible steady states should form the data input of the static material and energy flow 
model. In this case possible warm-up periods should be ignored. 

A second enhancement is to not to extend the System Dynamics concept but to 
implement a more ambitious adapter. In that case, it is not the purpose of the System 
Dynamics model to represent and to simulate material and energy flows and stocks di-
rectly. Rather, the model represents structures that have a significant influence on the 
material and energy flows and stocks: human behavior, knowledge, mega trends in the 
society and so on. In terms of the impact of such structures on material and energy 
flows, these models provide core indicators of the underlying material and energy flow 
systems. In the material flow networks these indicators are used as transition parame-
ters; they determine process levels, operation conditions and so on. To some extent, the 
transition specifications in the material flow network are part of the adapter.  

The two possible enhancements are not equivalent. They cover different applica-
tion domains. The first approach aims at data collection problems, in particular in case 
of chemical processes. The second approach, in contrast, combines two different per-
spectives. It is not necessary that the System Dynamics models deal with material and 
energy flows and stocks. Rather, they are used to represent human behavior, and the 
material flow models are needed to understand the impacts of human behavior on indus-
trial metabolisms. Here, the adapter links two really different models. 

In particular, the second solution to integrate dynamic modeling and static mate-
rial flow analysis and subsequent life-cycle assessment makes clear that the relationship 
between the different models comprises not only data transfer. The question is how to 
bring together the different results. One interesting approach in strategic management of 
organizations that deals with different perspectives and worldviews is the so-called bal-
anced scorecard. 

 
BALANCED SCORECARDS IN INDUSTRIAL ECOLOGY 

The balanced scorecard is an approach to bring together different fields of cor-
porate activity. The presumption of the balanced scorecard is, that strategic management 
of organization only in one perspective, the financial perspective, is not reasonable. Ad-
ditional perspectives are required to draw the whole picture: regarding motivated and 
skilled employees, high-quality processes, products and services, satisfied and loyal 
customers (Kaplan & Norton, 1996: 7). So the balanced scorecard consists of several 
different performance indicators in usually four perspectives: the financial perspective, 
which measures the ultimate results, the customer perspective, which focuses on cus-
tomer needs and satisfaction, the internal perspective, which looks at the performance of 
internal processes, and finally the learning & growth perspective, which directs atten-
tion the organization’s people and infrastructure (Kaplan & Norton 1996). 
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Normally, the balanced scorecard is discussed in industrial ecology as a tool that 
helps to integrate industrial ecology issues into company’s strategy formulation and 
implementation. A few key performance indicators, mainly eco-efficiency indicators, 
should represent the environmental performance of the company, either in a conven-
tional balanced scorecard with four perspectives or in an enhanced sustainability bal-
anced scorecard with an additional non-market perspective (see Möller & Schaltegger, 
2005).  

But the underlying idea of the concept is also interesting. It helps to integrate 
several different perspectives, and that’s exactly the situation in hybrid analysis of in-
dustrial metabolisms. It is not meaningful to characterize industrial metabolisms by 
means of a few traditional indicators like overall production or growth rates. In the 
words of Kenneth Boulding, “the essential measure of the success of the economy is not 
production and consumption at all, but the nature, extent, quality, and complexity of the 
total capital stock, including in this the state of the human bodies and minds” (Boulding 
1966: 9, cited in Fischer-Kowalski, 1998: 70). Consequently, as in the classical applica-
tion context of the balanced scorecard, industrial metabolisms should be analyzed in 
different perspectives using different modeling approaches. These models should pro-
vide data about the quality of industrial metabolisms, robustness, complexity, fault tol-
erance and so on; they should help to identify options for action. As in the conventional 
balanced scorecard, metabolism core indicators (see Fischer-Kowalski & Hüttler, 1999: 
118) could characterize metabolic profiles and developments.  

Is it possible to distinguish different perspectives? In fact, the different modeling 
approaches refer to corresponding perspectives. The background of life-cycle assess-
ment, for example, is inefficiency of services and products, the background of dynamic 
and static material flow analysis are metabolic throughput and development. Additional 
hints can be derived from typical problem classes of the society’s metabolism. Fischer-
Kowalski and Hüttler mention exhaustion of resources, pollution, entropy, inefficiency 
of services, closing open cycles, and finally scale and growth of metabolic throughput 
(Fischer-Kowalski & Hüttler, 1999: 119-120).They note that these problem areas are 
associated with a wide spectrum of views and scientific paradigms. So at least four per-
spectives can be identified: the perspective of single products and services, the perspec-
tive of the state and development of metabolisms, including flows, stocks, processes, 
levels, complexity and diversity, fault tolerance, cycles and feed-back loops, the entropy 
perspective and the stakeholder perspective including mega trends in the society like the 
information society, corporate management, organizational learning and so on. Taken 
together, a balanced-scorecard-like integration instrument would show the current state 
and possible developments of industrial metabolisms.  
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FIGURE 2: Tool Chain in Industrial Ecology 

 
The balanced scorecard not only helps to characterize complex systems in dif-

ferent perspectives. Newer publications of Kaplan & Norton point out the relationship 
between the perspectives. They assume that it is possible to identify important depend-
encies. Therefore, concepts are required to identify the dependencies. Such a concept is 
the so-called strategy map, a visual representation of the cause-and-effect relationships 
among different perspectives (Kaplan & Norton, 2004). In fact, these relationships can 
also be identified in balanced-scorecard-like management instruments in industrial 
ecology. For example, developments of metabolic throughput like closing open cycle 
have an effect on the efficiency of products and services and entropy; trends towards an 
information society influence scale and development of the metabolisms on the whole.  

Kaplan & Norton emphasize the central role of strategy maps in the develop-
ment of balanced scorecards. Strategy maps are not only visualization tools that help to 
overlook complex systems. They are as well an important starting point for the model-
ing process: What are the instruments, we need in the hybrid analysis? Which core 
metabolic indicators should the instruments provide? In a way, the balanced scorecard 
becomes the starting point as well as the end point of the whole modeling process. 

 
CONCLUSIONS 

Industrial metabolisms can be analyzed in different perspectives. Corresponding 
methods are for example dynamic material flow analysis, static material flow analysis 
and life-cycle assessment. Comprehensive analyses of industrial metabolisms require 
the integration of different perspectives and methods. This article should demonstrate 
possible implementations of a tool chain in which the different methods are linked 
through appropriate adapters. 

Analogous to corporate management accounting, one or two of the instruments 
serve as a central database; they are the core instruments of an environmental account-
ing system. In a framework of modeling tools that help to characterize industrial me-
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tabolisms, material flow analysis methods like material flow networks provide a basis 
for such a central database. As outlined above, life-cycle assessment, life-cycle costing 
and eco-efficiency analysis serve as evaluation methods, connected to the database by 
an appropriate adapter. On the other side, in particular simulation models on the basis of 
dynamic material flow analysis methods, exemplify data input methods of such a central 
database. 

Of course, such a tool chain with basically three instruments is only a starting 
point. A perspective regarding entropy is not included. Nevertheless, all the instruments 
provide valuable results. The question arise how to bring together the different results. 
One interesting instrument in the domain of strategic management is the balanced 
scorecard. In particular, the underlying idea of the balanced scorecard provides a con-
ceptual basis for integrating the results of hybrid analyses in terms of core metabolic 
indicators in different perspectives. 
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FROM A FEW SUNS TO TEN THOUSAND OF SUNS 
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Using the limited sources of solar materials for the maximum output of energy is one of the great 
challenges in industrial production. This article gives a brief report for the application of a new 
theory of focusing and sun tracking in harnessing sun power from concentration of a few suns to 
high concentration of ten thousand of suns.  It is hopeful that the new theory of optics can suggest 
some solutions for the solar energy applications in various forms. 
 
THE CONCEPT 

The new theory developed by the author in the past years has discarded the tradi-
tion in optics to discuss the optical components with a fixed geometry; instead, the new 
geometry of the optical reflector or lens are defined instantly using tracking or prede-
fined by digital means. The theory is specially developed to tackle one of the fundamen-
tal limits in optics, Aberration.  

Aberration can be understood as a kind of general distortion of image. This usu-
ally greatly affects the quality of the imaging and focusing ability of the equipment.   
There are various forms of aberrations which are the adhesion characters of certain type 
of fixed geometry of optical lenses or mirrors.  The new theory is discussing how to use 
variable geometry to achieve the minimum aberration.  The aim of the study is to find 
the most cost effective method realizing the geometry correction. So far the astonishing 
finding of the theory is to use line movement to replace tip-tilting of the mirrors. This 
has created the great opportunity to produce a low cost reflective compound mirror. 
This kind of compound mirror consists of N row and M column facets and traditionally 
uses 2xNxM controls to realize the correction for a near zero aberration; the theory 
makes the number of control to be N+M. The theory may find many applications in a 
number of fields, harnessing solar energy is one of them. 
 
METHODOLOGY DIFFERENCE IN HARNESSING SOLAR ENERGY  

 
1) Instead of two-stage collection, one stage concentration is possible. 

The basic mathematics and structure of solar collectors have remained un-
changed for many decades. In traditional ultra-concentration application, e.g., solar fur-
nace, two stages of collection with heliostat of flat reflectors and parabolic collector of 
the same cross-section are required to achieve the concentration of 10,000. The huge 
cost of constructing such solar furnace has hindered the popular use of ultra high con-
centration solar collector. 

With manoeuvrable facets, novel digital heliostat provides extra concentration, 
therefore to make traditionally two-stage design into one stage or near one stage design 
where the secondary collector is rather small comparing to the dimension of the helio-
stat. These secondary we used to name them as optical catcher, optical funnel or small 
secondary.  The new method redirects the design of solar furnace into a much cost-
effective way.  This has brought high feasibility for the new heliostat to replace the tra-
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ditional design in future high temperature solar collector. FIGURE 1 shows a 10 kW 
solar furnace using the principle of new theory to reach a concentration of 10,000. 
 

 
 

FIGURE 1: The prototype of solar furnace using new theory 

 
2) Instead of elevation-azimuth tracking method, elevation-spinning tracking is 
employed for the primary tracking. 

Traditionally, the sun tracking is using elevation-azimuth method that the azi-
muth axis is towards the zenith 

In this structure, the formula of the tracking is much simpler as shown in the fol-
lowing 
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Readers would sympathize us not to illustrate in details the problems involved 

with this tracking formula including the corresponding mechanical structures and the 
optical aberrations it brought to. Our new method uses target-oriented method as shown 
in the diagram. 

 



From a few suns to ten thousands of suns  177
 

FIGURE 2: Target-oriented sun tracking  

 
The new elevation-spinning tracking formula is derived as shown in the follow-

ing.  
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New tracking formula looks much more complicated than the traditional one, 
with the aid of computers it revolutionized the design of solar collectors not only in the 
respect of mechanical structure but also in the respect of optical characteristic. Mathe-
matically, the new formula provides a perfect means to match the optical array of row 
and column to achieve a minimum aberration. The reason is that this is the only mode of 
tracking that can keep the row of facets in the tangential plane and the column of facets 
in the sagittal plane.  
 
3) Different geometries of the surface of the reflectors 

As mentioned before, fixed geometries are used traditionally. Those geometries 
are usually spherical, parabolic, cylindrical, hyper parabolic, etc., most of them can be 
expressed by mathematical functions.  In new optics, there are two categories of sur-
faces, one is movable facets arranged in row and column, they usually used for ultra-
concentration, e.g., a few thousand suns or above; one is fixed geometry but with con-
tinuous change of curvatures, which can be described by high order of polynomial func-
tions, they usually used for high concentration, e.g., a few hundred of suns. 

The fixed geometry surface in new Optics is an interesting case, which falls into 
the Ries’s conjecture about ten years ago. In 1990 and 1995, Ries et al. made a proposal 
that by using a target aligned tracking method, the aberration can then be reduced con-
siderably by using a non-symmetric heliostat with two different radii of curvature. With 
the tool of new optics, we can digitally plot a special surface that may give a sun con-
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centration with minimum aberration. This surface has different profiles of radii along 
row and column directions. Although the radii of curvature along the column are sym-
metric but vary at different lines, the radii of curvature at the upper part and down part 
of the row are different. That means, the surface has the radii curvature almost different 
at every point. The details of the shape are depending upon the target distance, dimen-
sion of the heliostat, facing angle and target angle of the system but independent of the 
latitude of the heliostat. Mathematically, we have proved that the fixed geometry is ca-
pable to obtain a concentration of a few hundred suns in the case that the target axis is 
located at the positions defined by a patent of Chen and others. This special case of 
fixed geometry has greatly benefited manufacturer for the cost effectiveness in mass 
production.  The attached photo in Fig.3 has shown a prototype of such a surface. 

 

 
FIGURE 3: A new surface capable of minimizing the sun’s image 

 

EXAMPLES OF THE APPLICATION 
 

Application in a few suns’ concentration 
FIGURE 4 shows a 4 times concentration of the solar ray in PV application. It 

can save silicon crystal materials up to 75%. With the same area of PV, it produces 
more than 4 times of electricity.  
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FIGURE 4: Four times concentration in PV application 

 

Application for a few ten of suns 
This application is aiming for a new type of solar cooker.  Because of target ori-

ented tracking theory, the tracking collector and the cooker can be separated for the 
convenience of cooking.  FIGURE 5 shows the prototype of such a device. 

 

 
FIGURE 5: Solar cooker with separate unit 

 

Application using a few hundred suns 
At this concentration range, most of our effort was spent on the use of CPV 

(concentrator photovoltaic) for the terrestrial application.  
Although not so popular in the market, research on concentrator photovoltaic 

(CPV) started in 1975. In the early time, people just expect the cell efficiency would be 
similar to that of flat-plate cell (PV). It turns out that the conversion rate is now much 
higher than originally projected.  
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However, the CPV meets furious competition from flat-plate PV. The flat-plate 
is cheaper to use and not like CPV, which needs tracking and focusing devices. There-
fore, the only way to win the battle is a low cost, high concentration and globally stan-
dardized sun tracking and focusing device. We are developing this optical system (see 
FIGURE 6) using our new theory.  

 

 
FIGURE 6: The prototype of 300 concentration using CPV 

 
Application using ten thousand suns 

New theory has opened the door for the popular use of high concentration solar 
collector, the solar furnace as we named. Much attention has been paid in this respect 
since the invention of new heliostat. The new device has good characteristic for such a 
design that is not easy to be obtained by the traditional methods. With a simple set-up, 
we can achieve a temperature higher than 3,500 °C as exhibited by the pictures below. 

 
 
 
 
 
 
 
 
 
 

FIGURE 7: Specimens for the demonstration of new solar furnace  
 
To reach a ten thousand concentration using low cost equipment is not an easy 

task.  However, many new techniques has been developed recently which will lead for-
ward a perfect design within a number of years time. 
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DECOLOURATION OF DYE WASTEWATER BY WHITE ROT FUNGI 
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The effects of different conditions such as culture solutions, initial pH values, and carbon resource 
concentrations on decolouration activity of white rot fungi were studied. These factors were all 
found to be important for dye decolouration. Experimental conditions of carbon resource were very 
favourable to speed and enhance decolouration of textile dye Reactive Brilliant Red X-3B.A specific 
bioreactor using coal cinder as white rot fungal mycelium supporter was developed in this research 
and the decolouration percentage of dye was favourable. The choice of culture solution and culture 
initial pH value had profound effects on the dye decolouration. The use of the first culture solution 
indicated excellent pH control and resulted in high decolouration ability. The culture with the initial 
pH value of 6.0 facilitated the decolouration process.  
 
INTRODUCTION 

People pay much concern over the discharge of dyestuff effluents because of their 
high colour intensity, possible toxicity and carcinogenicity even in very low concentra-
tions in the environment (Brown, A & De Vito, 1993). Although textile and dyestuff 
effluents are treated in activated sludge systems, most synthetic dyes are resistant to 
biodegradation (Shaul. G..M. et al., 1991). The removal of colour from this type of 
wastewater is often more important than the removal of the soluble colourless organic 
substances which usually contribute the major fraction of the chemical and biochemical 
oxygen demand (Banat. I. M et al.,1996 ). Because of the complex and varied chemical 
structures of these compounds, there are no universally useful methods available for 
treatment of dye effluents. Similarly physical or chemical methods incline to be expen-
sive or to involve removal of pollutants rather than their destruction. There is a need to 
develop a practical biologic method of dye waste treatment that can be used for a wide 
range of wastes.  

The ability of white rot fungi to degrade individual xenobiotic chemicals, many of 
which are recalcitrant to biodegradation, has been reported (J. Swamy & J .A. Ram-
say,1999). The decolourisation of dyes, such as phenol red, Methylene blue, Coomassie 
blue, Dextran blue, Poly R-478, Poly R481, Poly Y-606, and Poly B4-411 has been 
used to indicate ligninolytic activity (Glenn,J.K.& Gold,M.H,1983). Most of the re-
search on dye degradation by white rot fungi has focused on Phanerochaete  chrysospo-
rium (Spadaro, J.T et al.,1992). Although there are a few studies of dye decolouration 
by Trametes  versicolour, this organism has been investigated for its decolouration of 
darkly coloured kraft and pulp mill effluents.  

Azo dyes, the largest group of synthetic dyes, are produced in large quantities and 
mainly used in textile dying. Reactive Brilliant Red X-3B,a basic textile dye, is a kind 
of azo dyes. This paper reported studies on the utilization of a kind of white rot fungus, 
Basidiomycetes, for the decolourization of Reactive Brilliant Red X-3B.The decolour-
ation process was investigated in a unique bioreactor using coal cinder as white-rot fun-
gal biofilm supporter. The effects of dye decolourisation were significantly affected by 
the culture constitutions, initial pH values and carbon resource concentrations. 
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MATERIALS AND METHODS 
 

Material and Stock Solution.  
The analogue dyestuff waste water used in this study was Reactive Brilliant Red 

X-3B aqueous solution. Reactive Brilliant Red X-3B is a kind of azo dyes. Its chemical 
structure as follows (FIGURE 1): 
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FIGURE 1: Chemical structure of Reactive Brilliant Red X-3B 

 
Decolouration Experiments 

Fungal strains were isolated from natural material. Fruiting bodies of basidio-
mycete fungi growing on rotting wood in Shanghai, China, were taken, broken, and a 
sample of tissue was transferred onto Sabourand dextrose agar (SDA) and incubated at 
30°C until extensive mycelial growth occurred. Pure culture was maintained on SDA. 
After the pure culture was incubated for 5 days at 35°C in a constant temperature incu-
bator, the culture was homogenized and used for inoculation of fresh SDA .The fungal 
mycelia were harvested after cultivation and then used in decolourisation experiments. 

 After the culture solution was sterilized at the temperature 121°C for 20min,it 
was used for the decolourisation. Experimental temperature was 32°C. The experimen-
tal facilities were a specific bioreactor using coal cinder as white rot fungal mycelium 
supporter. The bioreactor was a round column, made up of organic glass. Its diameter 
was 10cm and its height was 60cm.The batch decolouration was processed in the biore-
actor for 96hours,then the decolourised medium was discharged and the bioreactor was 
eluted for another batch experiment.  

 
Analyses 

Dye concentration was measured by UV/VIS spectrophotometer. The peak posi-
tion of Reactive Brilliant X-3B was noted at 539.5nm.Samples (8ml) of culture medium 
were taken at 12h and then centrifuged at 3000rm/m for 5 min to remove suspending 
particles; then pH and dye concentration were measured. Decolouration percentage was 
calculated from absorption values obtained against the controls. Assuming the initial 
absorption value was Ai and the final absorption value was Af, the decolouration per-
centage = (Ai-Af)/Aix 100%. 
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RESULTS 
 
The effect of culture solution. 

Three culture solutions were studied for their abilities to maintain a constant pH 
during growth and decolouration in the aqueous batch experiments. 

 
 Culture solution one:  

15 g/L glucose(carbon source), 1.2 mmol ammonium tartrate (Nitrogen 
Source), 20 mmol/L sodium succinate (buffer solution), 5.0 g/L KH2PO4, 
0.2 g/L MgSO4•7H2O, 1 mg/L VB1, 0.068 g/L CaCl2, Reactive Brilliant Red 
X-3B 50 mg/L (final concentration); 
 Culture solution two: 

20 g/L glucose(carbon source), 0.18 g/L NH4NO3 (Nitrogen Source), 
2.5 g/L sodium citrate(buffer solution), 3.0 g/LKH2PO4, 0.2 g/LNaH2PO4, 
1.5 g/LMgSO4•7H2O, 0.1 mg/LVB1, 0.1 mg/LCaCl2, 0.1 mg/LFeSO4•7H2O, 
0.01 mg/LZnSO4•7H2O, 0.2 mg/LCuSO4•5H2O, Reactive Brilliant Red X-3B 
50 mg/L (final concentration); 
 Culture solution three: 

10 g/Lglucose(carbon source), 1.2mmol ammonium tartrate (Nitrogen 
Source), 20 mmol/Lacetic acid (buffer solution), 2.0 g/LKH2PO4, 
1 mg/LVB1, 0.132 mg/LCaCl2, 1.5 g/LMgSO4•7H2O, Tween 80, trace ele-
ments and  Reactive Brilliant Red X-3B 50 mg/L (final concentration); 

 
The results showed that the decolouration of Reactive Brilliant Red X-3B tended 

to rise in the three culture solutions (FIGURE 2(a)). But the tendencies were different 
from each other. In the first culture, the decolouration percentage quickly reached 
66.1% within initial 36 hours, later the decolouration process became slower than be-
fore, then the decolouration percentage increased. Finally 78.9% decolouration was 
achieved. The decolouration activity of white rot fungi in the second culture solution 
was remarkably different from the others. Decolouration activity was quickly processed 
in the initial stage (within 36 hours), then the decolouration process declined. The de-
colouration percentage in the third elevated increased slowly and steadily, which 
showed a different decolouration mechanism. As for the pH variation (FIGURE 2(b)) in 
the three culture solution, the pH value in the first varied slightly, showing a good 
buffer capacity; the pH variations in the second and third culture solution were fluctu-
ated, compared with the first culture solution. A control experiment in three inoculated 
culture solutions (FIGURE 2(c)) were also carried out at the same time. The decolour-
ation in the control experiment almost neglected. In general, the first culture solution 
had the best decolouration and buffer capacity. 
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FIGURE 2:  

(a) Reactive Brilliant X-3B decolouration percentage in different culture solutions 

(b) pH value variations of decolouration in different culture solutions 

(c) Reactive Brilliant X-3B decolouration percentage in inoculated culture solutions 
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The effect of initial pH value.  
The first culture solution was used to evaluate the decolouration effect caused by 

the initial pH value of culture solution. The levels for initial pH for culture solution we-
re3.0, 4.5, and 6.0 respectively. The concentrations of ammonium tartrate were 
1.2mmol/L (low nitrogen). The results were shown by FIGURE 3 (a), (b). As FIGURE 
(3) indicated, (1) when the initial pH value was 6.0, the decolouration  of  culture solu-
tion was the best among the three cultures. After 96h,the pH value of culture reached 
7.0-8.0.The increase of pH value was remarkable, compared with the pH value in other 
two cultures. (2) In the experiment, the white rot fungi grew very quickly and well when 
the initial pH value of culture was 3.0.The suspending mycelium almost blocked the 
sampling tube. White rot fungi normally produced the lignin peroxides and Manganese 
peroxidase, which acted as the crucial roles of the dye decolouration, during the secon-
dary metabolism. Overgrowth of mycelia may result in the decrease of amount and ac-
tivity of these peroxidases. 
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FIGURE 3: 

(a) Reactive Brilliant X-3B decolouration percentage at different levels of 
 initial pH values 

(b)  pH value variations of decolouration at different levels of initial pH values 
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The effect of Glucose Source concentration 
Carbon sources are very important to the growth and decolouration of white rot 

fungi. Three levels of glucose source in the first culture solution were tested for the de-
colouration process. The glucose concentrations were 0g/L (non-glucose), 0.432g/L 
(low glucose), 15g/L (high glucose) respectively. The glucose concentration affected the 
decolouration greatly (FIGURE 4 (a)). Decolouration percentage in the non-glucose 
culture was the lowest. The decolouration percentage in the low and high glucose cul-
ture were very close. The decolouration percentage for low glucose and high glucose 
were 82.7% and 80.2% respectively after 96 hours. And it was very interesting that the 
decolouration percentage in high glucose culture nearly attained the same decolouration 
percentage as in the low glucose culture when the glucose was nearly exhausted after 
96hours.As for the pH variations during the decloration, the pH values in the low glu-
cose culture were more stable than that in the high glucose culture. 
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FIGURE 4: 

(a)  Reactive Brilliant X-3B decolouration percentage at different levels of 
 glucose resources 

(b)  pH value variations of decolouration at different levels of glucose resources 
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DISCUSSION 
These experimental results confirm the previous reports of the degradative de-

colouration of dyestuffs by white rot fungi. They also showed the decolouration by the 
white rot fungi in a coal bioreactor was very favourable. The decolouration of dye was 
closely associated with the compositions of the culture solution. The first culture solu-
tion gave the best decolouration during the long-term operation. The decolouration 
process was not only affected by the contents of the culture, but also related with the 
culture buffer capacity. Among the three culture solutions, the buffer capacity of the 
first culture was best. The pH varied slightly. The pH value of the other two cultures 
changed from weak acid to neutrality, which maybe resulted from the specific decolour-
ation process of white rot fungi. 

Previous research reported the most favourable pH value for the growth of white 
rot fungi is between 4 and 5. However, the favourable pH values for yielding the per-
oxidases vary greatly. Our research indicated the culture facilitated the growth of white 
rot fungi when the initial pH value was 3.0.On the other hand, the decolouration was 
accelerated when the initial pH value of culture was 6.0.The effects caused the pH value 
of culture varied with the white rot fungi strains, the culture constitutions, and the dye 
structures. Many researches make clear that the low pH value in the culture can effec-
tively prevent the bacteria or other microorganism from attacking the reaction system. 
Yet our experiment indicated the white rot fungi could long and steadily grow on the 
biofilm and became the dominating strains when the initial pH value of culture was 6.0 
in a open reaction system. This is very significative for the practical application of pol-
lutant removal. 

Yu guoce (Yu guoce et al., 2003) researched the decolouration of Phanero-
chaete chrysosporium(a kind of white rot fungi) and found that activity peak of Lignin 
Peroxidase occurred when the carbon source(glucose) was or nearly exhausted. Our 
findings also demonstrated that the decolouration in the low glucose yielded the best 
decolouration. This maybe resulted from the reason that occurrence of Lignin Peroxi-
dase was related with the low carbon glucose. Besides glucose, the white rot fungi are 
able to use other materials as carbon sources, such as glycerin, wood dust (Trevor, M .D 
et al., 1999), leaves, molasses (Michael, A. P et al., 1999), dye stuff, paper making ef-
fluents (Archibald F, et al., 1990), lignite (Michel, F. C., et al.,1991) and so on. 

The effect of agitation and vibration was not only concerning about the types of 
white rot fungi, but also related with the existing shapes in the reactors. Moderate agita-
tion in the fixed growth bioreactor facilitated the transmission of oxygen, pollutants, 
and enzymes so that the decolouration was accelerated. The vibration or agitation in the 
suspending growth culture could cause the negative effect for the lignin peroxidase pro-
duction. In our experiment, the white rot fungi were fixed in a biofilm reactor. Though 
the aeration caused heavy agitation, the high-speed decolouration of dye was not af-
fected. 

It is well known that the removal of dyes or treatment of dye stuff is an urgent 
task for the sound management of the environment. The results presented in our re-
search show the potential for the use of white rot fungi in the degradation and decol-
ourization of dye wastewater. Processes involving white rot fungi have been proposed 
for the treatment of effluents from wood pulping, and they may by useful in treatment 
of effluents containing dyestuffs or other organic water waters. 
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The removal of trace cadmium and copper from light-polluted water with 701 weak alkaline epoxy 
anion resin has been studied in this paper. Kinetic data and equilibrium removal isotherms were 
measured. The influence of different experimental parameters such as time contact, resin dosage, 
interference of alkali metals and alkaline-earth metals and temperature, on the kinetics of cadmium 
and copper removal was studied. The equilibrium data obtained in this study have been found to fit 
the Langmiur isotherm. The removal process of Cd(Ⅱ) and Cu(Ⅱ) follows first-order reversible 
kinetic. The results showed that cadmium can be perfectly adsorbed by 701 weak alkaline epoxy 
anion resin with high selectivity from light-polluted water, despite high concentrations of co-existed 
alkaline and alkaline earth metals. It was demonstrated that the above method was an effective way 
for the elimination of Cd(Ⅱ) and Cu(Ⅱ) from light-polluted water. 
 
INTRODUCTION 

Nowadays heavy metals are among the most important pollutants and are be-
coming a severe public health problem. The heavy metal ions are stable and persistent 
environmental contaminants, they can not be biodegraded and tend to accumulate in 
living organisms, causing various diseases and disorders. 

Current technologies for treating wastewater such as chemical precipitation, ion 
exchange , membrane technologies ,biological processes lack a sufficiently high affinity 
and selectivity to reduce residual heavy metals to the levels dictated by ever more strin-
gent government regulations, especially for the drinking water resources of high con-
centration alkali metals and alkaline-earth metals. Furthermore, the useful mineral sub-
stances of the drinking water are also lost while the technologies are adopted to remove 
the toxic and poisonous heavy metals. This situation has in recent years led to a growing 
interest in the seek of safe, high efficiency technology for the removal of trace amounts 
of toxic metals from high concentration alkali metals and alkaline-earth metals. 

Weak base anion-exchange resin is an alternative technique for removing trace 
heavy metals from raw waters, based on the property of a certain class of resin to accu-
mulate heavy metals through complexing action. Weakly basic anion exchange resins 
carries amino group and behaves as a Lewis base, they can undergo coordination bonds 
with Lewis acids like heavy metal. It is possible to achieve selective separation and re-
covery of heavy metals with low energy requirements. The selective uptake of heavy 
metals by weakly basic anion resin has been known since about 1970( Holl W H, 1996. 
) and has been explored by several researchers. Tsinghua university has made some re-
search in this field and achieved some useful results in technique application(X. Zhao, 
et al.,2002; G. C. Tong & G. C. Yun,2000; G. C. Tong, et al.,2000; S.J. He, et al,2002). 
Our present research indicates that the adsorption of the epoxy resin are superior to the 
adsorption effectiveness of styrene resin and acryl acid resin. 

In the present paper, 701 epoxy weakly basic anion exchange resin was examinated 
for the elimination of Cd (Ⅱ) and Cu (Ⅱ) present in light-polluted water for different 
conditions. The parameters that influence adsorption process, such as initial concentra-
tion, resin dosage, the pH in solution and contact time has been examined. The equilib-
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rium and kinetic process has also been characterized at 25 °C. The existing results may 
contribute to obtain the basic information for the design of sorption equipment. 

 
 

MATERIALS AND METHOD 
 

Materials and reagent 
The 701 epoxy weakly basic anion exchange resin was obtained from. Its prop-

erties is given by the manufacturers is listed as follows( TABLE 1). For the experi-
ments, the resin was first pretreated with 0.05 mol/Lsulfuric acid and 0.05 mol/L so-
dium hydroxide to remove impurities from its synthesis. After extensive rinsing with 
demineralized water the exchanger was applied for the further experiments. 

Stoke solutions of 1000mg/L of Cd(Ⅱ) chloride, Cu(Ⅱ) sulfate were prepared in 
demineralized water. All chemicals were commercial products used without purifica-
tion.  
 

TABLE 1: Characteristics of the 701 weakly anion resin 

Characteristics Values 

Matrix Epoxy propane 

Functional groups -C2H4NH2- 
C2H4NHR 
-C2H4NR2- 
C2H4NR3 

Particle size[mm] 0.3~2.0 

Moisture holding capacity[%] 64-72% 

Density[g/L-1] 650-800 

Swelling [%] 25 

 
Apparatus  

An atomic absorption spectrometer(AAS)(Shimadzu, AA-6501)was used for 
quantitative determination of the concentration of Cu(Ⅱ) and Cd(Ⅱ). The AAS was 
equipped with a deuterium lamp, background correction, a hollow cathode lamp, and an 
air-acetylene burner. pH was measured using a glass electrode(Shanghai,pHs-29A). An 
electrical temperature-controlled shaker was used for shaking. 

 
PROCEDURES 

 
Uptake kinetic of metal 

For metal ions-removal kinetic studies, 1.0g of 701 weak base anion-exchange 
resin was added in 200mL of 1mg/L Cd2+ and Cu2+ solutions, the solutions were agi-
tated for a pre-determinated period at 25±1 in a shaking incubator. In all cases, the 
working pH was that of the solution and was not controlled. At appropriate time inter-
vals, stirring was briefly interrupted while 5mL volumns of supernatant solutions were 
pipetted from the reactor and were analyzed by atomic adsorption spectrophotometer for 
the residual Cd2+ and Cu2+ content. The metal ions uptake q(mg ion metal/g resin) was 
determined as follows: 

mVCCq t /)( 0 ×−=  
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where and  are the initial and final metal ions concentrations (mg/L), re-
spectively, V is the volume of solution (mL), and m is the resin weight (g) in dry form. 

0C tC

Preliminary experiments had shown that cadmium adsorption losses to the con-
tainer walls was negligible. 
 
Uptake isotherm of metal 

The equilibrium isotherms were determined by contacting a constant mass(0.1g) 
of 701 weak base anion-exchange resin with a range of different concentration of cad-
mium solutions. The resin and cadmium solutions were agitated in a series of 250mL 
conical flasks with equal volumes of solution (100mL) for a period of 24h at room tem-
perature. The contact time was determined by kinetic tests using the same conditions. 
The reaction mixture pH was not controlled after the initiation of experiments. After 
shaking the flasks for 24h, the final pH was measured, and a solution sample was re-
moved from the reaction mixtures after decantation. The final concentration of unbound 
cadmium was determined by AAS and the cadmium loading by 701 weak base anion-
exchange resin was calculated. 

 
RESULTS AND DISCUSSIONS 

All batch sorption experiments reported here were investigated at the initial pH 
value approach of 7, which was the true pH value of drinking water resources. 

 
Effects of resin dosage 

The removal of Cd(Ⅱ) and Cu(Ⅱ) as a function of the resin dosage by 701 
weak base anion-exchange resin shows as follows (FIGURE 1). The resin dosage was 
varied from 0. 5 to 2.0g and equilibrated for 24h. The experimental results revealed that 
Cd(Ⅱ) and Cu(Ⅱ) removal efficiency increases up to the optimum dosage beyond 
which the removal efficiency has no change with the resin dosage. As expected, the 
equilibrium concentration decreases with increasing adsorbent doses for a given initial 
solute concentration, because for a fixed initial solute concentration, increasing adsorb-
ent doses provide greater surface area or adsorption sites. 
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FIGURE 1: The effect of resin dosage on the adsorption of Cd(Ⅱ) and Cu(Ⅱ) on 

the 701 epoxy resin 
 
Effects of contact time 

The effect of time on the absorption of metal ions by 701 weak base anion-
exchange resin was studied by taking 0.5g resin with 200mL of a metal salt solution of a 
metal ion in different stopped flasks. The flasks were shaken for different time intervals 
in a temperature-controlled shaker. The effect of contact time on the removal of Cd(Ⅱ) 
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and Cu(Ⅱ) by 701 weak base anion-exchange resin shows by FIGURE 2. With the 
same initial concentrations of 1mg/L for Cd (Ⅱ) and Cu (Ⅱ), The removal efficiency 
increases within 9h and 4h respectively. The equilibrium time was independent of initial 
metal ion concentration. The metal uptake vs time curves are monotonously increasing 
to saturation, suggesting the possible monolayer coverage of metal ions on the surface 
of the adsorbent(Ho YS, et al,1995.) 
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FIGURE 2: The effect of the contact time on the removal of Cd(Ⅱ) and Cu(Ⅱ) by 

the resin 
 
Adsorption isotherm 

The equilibrium removal of the cadmium ions and the copper ions investigated 
can be mathematically expressed in terms of the adsorption isotherm . the adsorption 
data are commonly fitted to the Langmium model or the Freundlich model. 

The Langmium equation was applied to the adsorption equilibria for 701 weak 
base anion-exchange resin: 

( ) 001)( QCbQqC eee +=  
Where is the equilibrium concentration(mg/L), the amount adsorbed at 

equilibrium (mg/g),Q  and  the Langmium constants related to adsorption capacity 
and energy of adsorption, respectively. The linear plots of Ce/qe vs Ce shows that the 
adsorption obeys the Langumuir model for both Cd(II) and Cu(II)( FIGURE 3).  and 

 were determined from the Langmiur plots and found to be 22.32 mg/g and 0.081 
g/mg for Cd(II); and 83.33 mg/g and 3.24 g/mg  for Cu(II).  The ratio of the Q  values 
of Cu(II) and Cd(II) works out to be 3.73:1, implying the ion-exchange capacity of 
Cu(II) is much higher than that of Cd(II).  
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FIGURE 3: Sorption isotherm of Cd(II) and Cu(II) onto 701 epoxy resin 

 
Interferences of alkine metals and alkine-earth metals 

In order to evaluate the feasibility of the 701 weak base anion-exchange resin on 
the heavy metal ions removal from co-exisited alkali metal and alkali earth metal, the 
influences of the matrix ions of the natural waters (Na+,K+,Ca2+,Mg2+,Cl-,SO4

2-) on the 
removal of Cd2+ and Cu2+ on 701 weak base anion-exchange resin was investigated. 
Preliminary analyses indicated that competition with regard to Na+, K+, Ca2+ and Mg2+ 

was not significant when the concentration of Na+, K+, Ca2+, Mg2+ were as much as one 
hundred times high than the concentration of Cd2+ and Cu(II). It proved that the removal 
of Cd2+ and Cu2+ is not an exchange of ions but a mere complex action. We also found 
that increased concentration of Cl-, SO4

2- enhance the adsorption of Cd2+, which is in 
accord with the previous report.( Namasivayam C & Renganathan K, 1995.) The results 
are desired in view of applications to the natural water samples with the high salt con-
tent. 

 
Adsorption kinetics 

Kinetics of heavy metals adsorption can be modeled by the first-order Lagergren 
equation, the pseudo second-order rate equation and the second-order rate equation 
shown below as Eqs.(1)-(3)( Benguella B & Benaissa H, 2002.), respectively:  

3.2//)log( tKqqq Lete −=−    (1) 
ktqqq ete +=− /1)/(1         (2) 

eee qtqKqt /2/1/ 2' +=       (3) 
Where  is the  Lagergren rate constant of adsorption(minLK -1); 'K the pseudo 

second-order rate constant of adsorption(g/mg/min) and k  the rate constant(g/mg/min); 
 and  are the amounts of metal ion sorbed(mg/g) at equilibrium and at time t, re-

spectively. 
eq tq
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Linear plots of  vs. t,  vs. t and 1  vs. t for 
Cu(II)are shown by FIGURE 4(a) (b) and(c). The results showed that the kinetics of 
Cu(II) adsorption on 701 weak base anion-exchange resin followed first-order . 

ete qqq /)log( − eqt / )/( te qq −
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FIGURE 4: Linearisation of copper sorption kinetics by 701 weak base anion-
exchange resin 

 
Linear plots of vs. t vs. t for Cd(II) is also shown by FIGURE 5. 

The results also indicated that the kinetics of Cd(II) adsorption on 701 weak base anion-
exchange resin followed first-order reversible kinetic. 

ete qqq /)log( −
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FIGURE 5: Linearisation of cadmium sorption kinetics by 701 weak base anion-
exchange resin 

 
Effect of initial metal ions concentration 

Several experiment were undertaken to study the effect of varying the initial 
metal ions concentration on the metal ions-removal kinetics from the solution. The re-
sults obtained are shown by FIGURE 6(a), (b), and indicate that the obtained curves 
have the same shape. The rate constants calculated from their intercepts were found to 
be 9.0×10-4 (R2=0.9987 ) and 1.11×10-3 (R2=0.9965) at 5 and 10 mg/L, respectively, for 
Cd(II) ; and 1.69×10-2 (R2=0.9997) and 1.21×10-2(R2 =0.9934), respectively, for Cu(II).  

 

1.0 1.5 2.0 2.5 3.0 3.5 4.0

-1.39
-1.38
-1.37
-1.36
-1.35
-1.34
-1.33
-1.32
-1.31
-1.30
-1.29
-1.28
-1.27

Cd=5ppm
Cd=10ppm

lo
g(

q e
-q

t)/
q e

Time(hrs)
 

1.0 1.5 2.0 2.5 3.0 3.5 4.0
-2.6

-2.4

-2.2

-2.0

-1.8

-1.6

-1.4

-1.2

-1.0
 Cu=5ppm
Cu=10ppm

lo
g(

q e
-q

t)/
q e

Time(hrs)
 

(a) Effect of initial cadmium  
concentration 

(b) Effect of initial copper 
 concentration 

FIGURE 6:  The first-order rate kinetics plots for Cd(Ⅱ)and Cu(Ⅱ) by 701 ep-
oxy resin for different initial concentration 

 
CONCLUSIONS 

The present work demonstrates that 701 weak alkaline epoxy anion resin are ca-
pable of selectively removing cadmium and copper from light-polluted water, despite 
high concentrations of co-existed alkaline and alkaline earth metals. Elevated concentra-
tions of chloride ions have only negligible influence on the uptake of cadmium and 
copper. While the adsorption process obeys the Langmuir adsorption isotherm in equi-
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librium, the kinetic of adsorption of cadmium and copper follow first-order reversible 
kinetics. The removal capacity of cadmium ion and copper ions are 22.32 and 
83.33mg/g, respectively. And at the different initial concentration, the kinetic of adsorp-
tion of cadmium and copper also follow first-order reversible kinetics. The rate constant 
of Cu(II) is much then that of Cd(II). The results also demonstrate that the removal of 
Cd(II)and Cu(II) is not an exchange of ions but a mere complex action. The kinetic data 
would be useful for the fabrication and designing of wasterwater treatment plants. 
 
ACKNOWLEGEMENT 

The author acknowledges the State Key Laboratory of Pollution Control and Re-
source Reuse, China and my adviser, Professor Zhu Zhi-liang, kindly instructed me to 
fulfill the experiment successfully.  
 
REFERENCES 
Benguella B and Benaissa H. 2002. Cadmium removal from aqueous solutions by chitin : Kinetic and 
equilibrium studies. Water Res. 36 (10):2463-2474  
G. C. Tong and G. C. Yun. 2000. Removal of heavy metals and organic contaminants from micropolluted 
drinking water supplies. J Tsinghua Univ (Sci &Tech): 12(40):67-70 
G. C. Tong, G.Y. Jin and G. C. Yun. 2000. Removal of heavy metals and organic contaminants from 
micropolluted drinking water by weakly basic anion exchange resins. Water & Wasterwater.  3(26):9-11 
Holl W H. 1996. Elimination of heavy metals from water by means of weakly basic anion exchange res-
ins. Proc. IEX’96, Soc of Chem, Harrwells Ltd. Bodmin, UK. 
Ho YS, John Wase DA and Forster CF. 1995. Batch nickel removal from aqueous solution by sphagnum 
moss peat. Water Res. 29 (7):1327-32 
Namasivayam C and Renganathan K. 1995. Removal of Cd(Ⅱ) from wastewater by adsorption on waste 
Fe(ⅡI)/Cr(ⅡI) hydroxide. Water Res. 29 (5): 1737-1744. 
S.J. He�X. Zhao and Y.C. Ye. 2002. Removal of Cr(VI) from drinking water by weak base anion ex-
change resin. J Tsinghua Univ (Sci &Tech). 5(42)�662-664 
X. Zhao, Holl W H and G. C. Yun. 2002. Elimination of cadmium trace contaminations from drinking 
wate.  Water Res. 36 (4): 851-858 



 
 
 

SIMULATION OF POLICY INCENTIVES  
TO PROMOTE CLEANER PRODUCTION IN AN ALCOHOL DISTILLERY 

 
Zheng Wei, Cunkuan Bao, Surong Guo, Yongsen Lu  

College of Environmental Science & Engineering, Tongji University, Shanghai, China 
 
The government policies i.e. subsidies, natural resource and energy price, discharge fees, etc. are 
important incentives to promote cleaner production. In this paper, the system dynamics was used 
as a tool to simulate the interaction of policy variation and the profits of cleaner production in an 
alcohol distillery (AD). The results are heuristic for government policy maker. 
 
INTRODUCTION 

Cleaner production (CP) is the pile stone for sustainable economy. The govern-
ment plays an important role in promoting CP in manufactural sectors. Practicing 
cleaner production in an enterprise is a process to unify the environmental protection 
and economic benefits and pave the way towards the sustainable industry . 

The paper describes the roles of governmental policy and regulation on cleaner 
production in alcohol distillery (AD). The effects of the policies on the benefits of prac-
ticing cleaner production in the enterprise were simulated using a software of system 
dynamics through changing policy parameters.  
 
THE PRACTICE OF CLEANER PRODUCTION IN AN ALCOHOL DISTILL-
ERY AND THE MODEL OF SIMULATION 

 
The practice of cleaner production in an alcohol distillery 

The AD plant chosen for this case study produced 45,000 tons of alcohol in 
2003, taking cassava as the raw materials. The enterprise composed of three processes 
which were alcohol production, cogeneration of electricity and steam, and distillage 
digestion and wastewater treatment, which were connected closely. High economic 
benefits and emission reduction were gained through the material recycling, energy cas-
cading or improving production process and reusing by-products in the plant. In alcohol 
production process the best level of cassava input was attained with efficiency of carbon 
use. The distillage digested into methane and hydrogen which are the fuel for cogenera-
tion power station and equal to twenty thousand tons of equivalent coal saved per year. 
The sequenced batch reactors (SBRs) of activated sludge process were used for further 
treatment of the effluent from distillage digestor. Meantime twenty thousand tons of 
compressed CO2 in food grade were supplied to market. 
 
The model of CP system dynamics 

A simulation of policy incentives was made by a three-level modelling using 
System Dynamics for CP system of alcohol distillery, which can be divided into several 
subsystems e.g. cooling water, processing wastewater, sludge; the corresponding level 
variables are CWT, WT, WS, etc. Each subsystem interacts through the coupling to 
form a feedback loop. The main feedback chart of the model was shown as Fig.1.  

 
THE SIMULATION OF POLICIES AND MEASURES  

The cost to bring about the regulatory environmental objectives by means of 
administrative order usually is much higher than that of economic leverage because the 
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environmental administration has to collect and analyses detail information on the lost 
of abiding in enterprises. On contrary government establishes economic policies based 
on motivating cleaner production (CP) in enterprises, which may not only protect the 
environment but also decrease the cost of governmental managements.  
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FIGURE 1: Primary feedback chart of CP and policy factors 

 
The policy factors or measures to promote CP were classified in TABLE 1. 
 

TABLE 1: The classification of policy factors to promote cleaner productions in AD 
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local 
government  √ √ √ √ √ √  √ √  √  √ √ √ 
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Government Subsidies 
The AD invested in construction of technology innovation and waste to energy 

projects respectively 30 million RMB and 55 million RMB. The depreciation time was 
10 years, net depreciation rate was 5%, corresponding depreciation expenses of each 
year were 2.85 million RMB and 5.225 million RMB, and running cost was 4 million 
RMB and 5 million RMB. The results of simulation are shown TABLE 2. 

 
TABLE 2: Profits of CP (10,000 RMB/a) 

Year  2006  2007  2008 2009 2010 2011 2012 2013  2014  2015 

Profits of CP 3,276 3,877 4,501 4,970 5,773 6,041 6,312 6,333 6,352 7,412 

Net profits of CP 1,568 2,169 2,794 3,263 4,065 4,333 4,605 4,625 4,645 5,705 

Profits of reusing 
waste 

593 1,194 1,819 2,268 2,968 3,254 3,525 3,545 3,565 4,549 

Profits of investment 2,682 2,682 2,682 2,702 2,707 2,707 2,707 2,707 2,707 2,863 

 
If all the funds were raised independently by the AD, the refund period would be 

by the year of 2008. 
The huge investment of capital construction and equipment is always the main 

obstacle of practicing CP in an enterprise. The government subsidies, such as low inter-
est loan, accelerated depreciation, etc. could help the AD more easily to construct the 
project and earlier to obtain economic and environmental benefits. 
 
Water resource and pollution charge 

The AD consumes a great quantity of water and discharged wastewater and 
sludge. Government may change water fee and pollution charges to promote CP.   

Raising the fee of cooling water intake and discharge can encourage recycling 
rate of cooling water in the AD. The charge rate in the model was assumed in Table 3. 
The volumes and profits of cooling water recycling are shown in FIGURE 2. It is obvi-
ous that with the rising of rates, the profit rise is bigger than that of volumes.  
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FIGURE 2: Predictions on the volumes and profits of cooling water recycling 
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TABLE 3: Rates of fees and charges of cooling water (RMB/m3) 

Year 2006 2008 2010 2012 2014 2016 2018 2020 2022 

Fees of water intake 0.8 0.8 1.2 1.2 1.2 1.5 1.5 2 2 

Charges of wastewater 0.7 0.7 1.2 1.2 1.2 1.5 1.5 2.4 2.4 

 
The profits of water reuse in different rates of water fees and wastewater charge 

were simulated in different scenarios. The profits of wastewater reuse are shown in 
FIGURE 3, and the rates are shown in TABLE 4. 

 
TABLE 4: Rates of charging of producing water  

Scenario Index 2006 2008 2010 2012 2014 2016 2018 2020 2022 

water price 1.4 1.4 2 2 2 3 3 4 4 

Scenario 1 wastewater 
charge 

1 

water price 1.4 

Scenario 2 wastewater 
charge 

1 1 1.8 1.8 1.8 3 3 4 4 

water price 1.4 1.4 2 2 2 3 3 4 4 

Scenario 3 wastewater 
charge 

1 1 1.8 1.8 1.8 3 3 4 4 

 
From FIGURE 3 the rates of scenario 2 was larger than that of scenario 1, that 

showed the obvious effect of wastewater charge on the profits. Therefore if government 
practice stepped water price or raise wastewater charge, enterprises will more actively 
practice wastewater reuse to gain profits.  
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FIGURE 3: Predictions on the profits of recycle of wastewater  
in different scenarios [10,000 RMB/a] 
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Solid waste fees 
The AD produced a plenty of lees and sludge. There are a lot of microzyme, 

edible fibre and starch in these solid wastes. Dried lees can be made into feedstuff, and 
other solid wastes can be burned as fuel. 
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FIGURE 4: Predictions on the profits of lees and sludge of different scenarios 

 
Government can encourage enterprises to solid waste reuse by raising solid 

waste charge. Different scenarios could be set by changing discharge fees and reuse 
rates of solid wastes. The solid waste charges of four scenarios were 25, 25, 50 and 70 
RMB/t. The profits of reuse solid waste are shown in FIGURE 4.  

 
Energy price  

Alcohol production uses great amount of electricity. The biogas produced in the 
lees liquid digestion could generate electricity, and save much cost for electricity. Rais-
ing the electricity price will encourage enterprises to take full advantage of CP. The 
price of electricity of four scenarios was 0.76, 0.76, 0.76, 1.52 RMB/kWh, and the price 
of steam were 30, 30, 60, 60 RMB/m3. In the four scenarios, coal price, proportion of 
biogas for different usage, and the profits of biogas are shown respectively in TABLE 5, 
TABLE 6 and FIGURE 5.  

 
TABLE 5: The coal price of different scenarios (RMB/m3) 

Year 2006 2008 2010 2012 2014 2016 2018 2020 2022 

Scenario 1 700 750 820 880 930 990 1060 1140 1200 

Scenario 2,3,4 700 800 900 1000 1100 1200 1300 1500 1700 
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FIGURE 5: Predictions on the profits of biogas in different scenarios 

[10,000 RMB/a] 

 
TABLE 6: Proportion of biogas for different usage in scenarios 

Year 2006 2008 2010 2012 2014 2016 2018 2020 2022

Generating electricity 0 0.2 0.3 0.35 0.37 0.39 0.4 0.4 0.55

Burning 1 0.8 0.7 0.65 0.63 0.61 0.6 0.6 0.45

Background 

Producing steam 0 0 0 0 0 0 0 0 0 

Generating electricity 0 0.15 0.2 0.2 0.25 0.25 0.3 0.3 0.3 

Burning 1 0.8 0.65 0.6 0.55 0.5 0.4 0.35 0.3 

Scenario  

1,2,3 

Producing steam 0 0.05 0.15 0.2 0.2 0.25 0.3 0.35 0.4 

 
FIGURE 5 shows that the raise of coal price by government policy can increase 

the profits of biogas burning. Price of steam is one of the key factors in using biogas as 
a fuel because the enhancing extent of scenario 3 is bigger than that of scenario 2. The 
price of steam and electricity obviously affect the profits of biogas. 

 
CONCLUSION 

It is feasible and effective to use System Dynamics to simulate the effect of pol-
icy-changing on the profits of CP in AD from the above simulation and analysis. It can 
be a reference for the government and stake holders to formulate policies on promoting 
CP in manufacturers. The results showed that raising policy factors would active impe-
tus for enterprise to practice cleaner production (CP). These policies include: govern-
ment subsidies or low interest loan to support enterprise’s huge investment on CP facil-
ity, the regulation of stepped water fee, reasonable wastewater and solid waste charge 
and energy price. Appropriate market prices, e.g. coal and steam price would also be the 
incentives for CP.  
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