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1. Introduction

For Research and Technology Development (RTD) strategies in the field of energy efficiency
improvement it is important to have an overview of important and emerging technology areas,
that might have an impact on energy use, as well as other related areas. The ATLAS-project
"Analysing RTD Strategy" executed by the EnR aims at assessing the impact of technologies for
future RTD programmes (both at the community, as well as national level). Alongside the
identification of technologies the ATLAS-project will also identify implementation barriers and
potential policy measures which could support the introduction of the technologies into the
market place as well assess on a national basis the effectiveness of measures identified. In this
report we will present a first selection of industrial technologies that might play a role in future
RTD programmes in the European Union (EU). The European Union is defined as the EU-15,
and including Norway where appropriate. After a short discussion on industrial energy
consumption in the European Union, we will discuss the technology selection procedure. 

1.1 Industrial Energy Use in the European Union

Industry (including oil refineries) in the EU-15 (and Norway) is responsible for 38% (or 20.3 EJ)
of the primary energy demand. The total primary energy demand of the EU in 1990 was 53 EJ.
The share of industrial energy consumption in the EU is low compared to Japan (46%) and high
compared to the USA (31%). However, per capita manufacturing energy use is higher in the
USA, stressing the important contribution of transport to the primary energy consumption in the
USA.

Table 1.1 gives an overview of the important products and processes, taking the energy
consumption into account. Although Table 1.1 covers only the EU-12 and the year 1988 it gives
an impression of the importance of the processes. It should be noted that the importance (and
shares in energy consumption) of some sectors might change for the EU-15. Especially the
importance of wood-based industries will increase, e.g. pulp & paper industries are very important
energy consumers in Sweden and Finland. Therefore the shares for the primary energy
consumption mentioned in Table 1.1 should be interpreted with care for the future European
Union with 15 member states. The processes in Table 1.1 account for 60% of the total industrial
energy consumption. In Table 1.1 only the EU-12 are taken into account. Industry in the four
future member states will add 2.2 EJ primary energy to the total industrial energy consumption
in the EU-12 (1988). This is equivalent to 13% of the EU industrial primary energy demand.
Although potentials for energy efficiency improvement do exit in all sectors, there are
considerable differences in the energy efficiency of industries in the EU member states [Worrell
et al.,1994].
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Table 1.1. Energy consumption in the EU-12 for the 1988 production of a number of products.
The production volume is given in ktonne/year. Source: [Worrell et al.,1994].

Product/ Resources Production Primary Primary
Process volume energy energy

(ktonne) (PJ) (% of total)
demand demand

Steel Ore, scrap 137774 2635 5.7

Aluminium Alumina   2319  369 0.8

Copper Ore, scrap   1266   14 0.0

Zinc Ore   1719   67 0.1

Alumina Bauxite   4900    72 0.2

Ammonia Fossil fuels  12479  443 1.0

Chlorine Salt   8490  287 0.6

Soda Ash Salt   5750   75 0.2

Phosphor Ore    240   40 0.1

Methanol Natural gas   2000   34 0.1

Oil products Crude oil 463725 1421 3.1

Petrochemicals HC Feedstocks  27734 2237 4.8

Styrene Ethylene, benzene   3000   27 0.1

VCM Ethylene, chlorine   4360   36 0.1

Polyethylene Ethylene   5955   36 0.1

Polypropylene Propylene   2440   29 0.1

PVC VCM   3930   23 0.1

Cement Limestone 171922  665 1.4

Building bricks Clay  47760  134 0.3

Glass Sand, cullets  20410  182 0.4

Paper Pulp, waste paper  35010  778 1.7

Textile/Leather Fibres, leather n.a.  507 1.1

Dairy Milk ~76300 172 0.4

Sugar Sugar beet  13942 161 0.4

1.2 Technology Selection
We will distinguish between sector specific technologies, i.e. process technology, and cross-
cutting technologies. Cross-cutting (or horizontal) technologies are more generic technologies
that are widely used throughout industrial practice. The sector specific measures are grouped
according to the industrial sector, where they can be implemented. Cross-cutting measures are
separated into end-use measures, e.g. motors, and conversion technologies, e.g. boilers and
industrial CHP.
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The technology selection is based on various criteria, as well as the applicability for the various
member states. In Table 1.2 we present the criteria used for the selection of the technologies to
be described. For the selection process we followed a qualitative procedure. The industrial team
members (see below) in the ATLAS-project were asked to assess each selection criteria for each
of the technologies, from the perspective of the economy and development of the industrial
sectors in the member state. In this stage only a qualitative assessment could be done. Therefore,
the team members ranked each criterion with “+, 0, -” according to their insights. Table 1.2 also
presents the respective meaning of the ranking.

Table 1.2 Selection criteria for industrial energy efficient technologies used in the ATLAS
project. The criteria are assessed qualitatively giving one of the three judgements to each
technology by each team member.

1. Share of industrial energy use covered by the technology

+ Large share of industrial energy consumption on EU level
- Small share of industrial energy consumption on EU level

2. Potential impact of the technology on energy use and environment

+ Large savings potential on the share (see criterion 1)
- Small savings potential on share

3. European equipment developers and suppliers

+ European companies play a large role in the supply of this technology
- European equipment play no or small role in this market

4. Strategic technology development

+ Development of this technology will lead to increased knowledge on strategic technologies

- This technology does not constitute an increase in the strategic knowledge base
and/or sciences and may have spin-offs in other fields

5. Support to SME's

+ SMEs can have benefits by supplying or applying the technology
- The suppliers and/or users are typically not SMEs

6. Impact on competitiveness of European industry (including payback period of technology)

+
-

Application of technology may lead to increased competitiveness of Europe
Application may have a negative impact, as implementation costs may be too high or
competing technologies may perform better

7.Technical and economic risks (i.e. stage of development)

+ There are no or very few risks associated with further development of the technology
- Substantial or high risks involved in the development (economically or technically)

8. Social cohesion (i.e. important national industries, but less on the EU level)

+ The technology, although less important on EU level, may have an important impact on one

- less effect on the economic cohesion

of the member states, and increase the (economic and social) cohesion
The technology is not of particular interest of a specific member country, and will have no or
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The  assessments for each of the criteria were combined to give one average value per technology.
On this basis we have selected three categories of technologies. The first category are the
technologies that were assessed as promising for the majority of the criteria and would fit within
RTD activities of the EU. A second category are technologies that are assessed by the member
states as promising but received a lower priority with respect to various criteria. The last category
are technologies that, although they might contribute considerably to some of the goals of the EU,
would fit less well within the RTD programmes of the EU, due to the stage of development and
are not further studied in the ATLAS-project. It should be stressed that this is a qualitative
assessment and selection, and detailed quantitative assessments would be needed to present a
more balanced approach. Table 1.3 presents a list of the selected technologies, that are described
within the ATLAS project and in this report

Table 1.3 Selected industrial energy efficient technologies in the ATLAS-Project.

Category Technologies

Sector Specific Smelt Reduction (Iron & Steel)
Near Net Shape Casting (Iron & Steel)
Black Liquor Gasification & CHP (Pulp & Paper)
Impulse Drying (Pulp & Paper)
Condebelt Drying (Pulp & Paper)
Roller Kiln (Building materials)
Grinding Technologies (Building materials)
Freeze Concentration (Food)
Membranes (Food)
Autothermal Reforming (Chemical)
Freeze Crystallization/Melt Crystallization (Chemical)
Membranes (Chemical)
Batch Process Integration (Chemical)
Steam Purge (Textile)

Cross-Cutting Variable Speed Drives
End Use Process Control/Energy Management

Process Integration/Process Intensification
Reverse Osmosis
Pervaporation
Refrigeration

Cross-Cutting Heat Pump - Process Heat
Conversion Mechanical Vapour Recompression

Organic Rankine Cycle 
Pre-coupled CHP
Burners - Recuperative/Regenerative

Technological analysis and description of the technology is the first step in the ATLAS project.
In the second step a questionnaire, based on the technology descriptions, is used to assess the
technical, economic, and social aspects of the various technologies. The questionnaire is answered
by the team members of the ATLAS-project. In the last phase the results of the technology
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descriptions and questionnaire are analysed and reported comprehensively.

In this report the selected technologies are described, with an emphasis on the technical status
(e.g. development status, developers, users)  and development potential in the EU in the period
until the year 2010. Some key figures are estimated with respect to potential energy savings,
capital costs, operation and maintenance costs as well as the potential development of those until
the year 2010. In chapter 2 we describe the sector specific technologies, followed by the cross
cutting technologies in chapter 3. Section 3.2 discusses the end-use technologies, and section 3.3
the conversion technologies.

Acknowledgements
We wish to thank all the E R-members and ATLAS-industrial team members for theirn

contribution to the technology selection, as well as their helpful comments on the technology
descriptions. The industrial team members were (in alphabetical order)Y. Hellot (ADEME,
France), M. Latridis (CRES, Greece), J. Mendonça e Costa (CCE, Portugal), P. Naghten
(FORBAIRT, Ireland), R. Olthof (NOVEM, The Netherlands) and H. Rikheim (IFE, Norway).
We would like to thank Rob Olthof and Mark Coumans (NOVEM) and Leo Koot (KEK, The
Netherlands) for their support with the technology descriptions. We would especially like to thank
all the people who supplied information for this study on such a short notice due to the time
constraints of this study.
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2. Sector-Specific Technologies

2.1. Introduction

About 50% of the industrial energy demand is used in a few specific process, i.e. steel and
aluminium production, ammonia manufacture, petrochemicals and chlorine, paper and cement
production, some food industries, and petroleum refineries, i.e. the ‘raw materials’ industries.
These industries convert resources into usable secondary and tertiary products for an economy.
A number of these processes are responsible for a large part of industrial energy use (see Chapter
1). 

Sector-specific technologies comprise those technologies that are specifically applied within a
sector, or that need large adaptations to be used in the specific industrial (sub-) sector. This
implies that technologies specific for e.g. the casting of steel are included, as well as specifically
designed membranes for chemical separation processes. However, membranes can be used for
separation processes in the food industries, refineries and chemical industries, and can also be
categorized a cross-cutting. The most important cross-cutting technologies in the industrial
sectors are membranes (although each membrane is very specifically designed for the application),
heat pumps (including mechanical vapour recompression), combined heat and power generation
(including pre-coupled gasturbines). Heat pumps and mechanical vapour recompression can also
be used in food industries, refineries and chemical industries, although applications in other
sectors can be found as well.

The following technologies were selected to be described in more detail for this study. In the iron
and steel industry smelt reduction and near-net-shape casting are described in section 2.2. Section
2.3 describes the following paper technologies black liquor gasification & CHP, impulse drying
and condebelt drying. The chemical industry comprises a wide array of products. We have
selected technologies in the more energy intensive products, i.e. autothermal reforming, in the
important energy consuming separation processes, i.e. freeze crystallization/melt crystallization
and membranes, as well as batch process integration (see section 2.4). In the building materials
and non-metallic minerals industries the roller kiln (bricks, tiles and ceramics) and grinding
technologies (e.g. cement, glass) are analysed (see section 2.5). Section 2.6 describes the textile
industry, where one specific technology has been selected, i.e. the steam purge for dyeing
operations. In the food and beverage industries freeze concentration and membranes (for various
applications, e.g. process separations, and water cleaning) are described in section 2.7.
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2.2 Iron and Steel Industry

Steel (NACE 27) is produced from iron ore and scrap to produce primary steel [using Basic
Oxygen Furnace (BOF)] or scrap only for secondary steel [using the Electric Arc Furnace (EAF)].
Pig iron is produced in the blast furnace using coke and agglomerated ores. Direct reduction to
produce DRI makes only a very small contribution to the EU iron production (0.3% [IISI,1990]).
The production of primary steel consumes more energy, but produces a higher steel quality. The
shares of both processes vary by EU member state (see Table 2.1). The industry has restructured
in the past decades, and restructuring will also in the future take place, e.g. the steel industry in
Luxembourg will most likely change to 100% EAF in the coming decades. Modern technologies,
like continuous casting (CCM), show high penetration rates in the member states (e.g. see Table
2.1. for continuous casting). The industry consumes approximately 6% of the EU-12 total primary
energy consumption. Large differences in energy efficiency exist [Worrell et al.,1994]. Using ‘best
practice’ technology the technical savings potential in 1988 was 27% on average in the EU-12,
varying between 8% and 55% for the various member states. 

Table 2.1. Statistical overview of the iron and steel industry in the EU member states in the year
1990. Based on [IISI,1990].

Country Production Production Share Share EAF Penetration
Pig Iron Crude Steel BOF CCM
(ktonne) (ktonne) (%) (%)

(%)

Austria 3452 4291 91% 9% 96%

Belgium 9416 11414 91% 9% 92%

Denmark 0 610 0% 100% 100%

Finland 2283 2860 84% 16% 98%

France 14415 19015 72% 28% 94%

Germany 30097 38434 82% 19% 91%

Greece 0 999 0% 100% 100%

Ireland 0 326 0% 100% 100%

Italy 11883 25467 44% 56% 95%

Luxembourg 2645 3560 100% 0% 34%

Netherlands 4960 5412 96% 4% 94%

Norway 54 383 0% 100% 86%

Portugal 339 744 45% 55% 51%

Spain 5482 12936 43% 57% 89%

Sweden 2736 4454 61% 39% 86%

United Kingdom 12319 17841 74% 26% 84%
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2.2.1 Smelt Reduction

Smelt reduction processes currently under development combine coal gasification with the direct
reduction of iron oxides. In this way, production of coke is abolished and the demand of ore
preparation reduced, integrating three processes in one. Various pilot-plants exist worldwide, and
the first commercial small-scale applications have been seen. Table 2.2 gives an overview of the
currently developed technologies and stage of development. Smelt reduction has dramatically
lower capital costs, but has other inherent advantages, e.g. resources use (e.g. less expensive coal
than current metallurgical coal), pollution control and favourable economics at smaller capacities
compared to conventional technology.

Table 2.2. Current status of the major development programmes of smelt reduction processes
[Cusack et al.,1995; Meijer et al.,1994; Nijhawan,1991; Pühringer et al.,1991; Shiohara,1991].
Electricity conversion efficiency is assumed to be 40%. The total energy consumption figures
should be compared to 17.8 GJ/tone hot metal (thm) for a modern large scale blast furnace
[Worrell et al.,1993] and an estimated capital costs of 330 US$/thm for a modern large scale
blast furnace (including coke oven and sinter plant), derived from Meijer et al. (1994).

Process Developers Status Estimate Estimate
SEC - primary Investments
(GJ/thm) ($/thm capacity)

CCF Hoogovens Experience at 15 150-180
(Netherlands) 175,000 thm/yr.
Ilva (Italy) Pilot-plant

planned
(350,000 thm/yr)

COREX Voest-Alpine Commercial 17-20 210-250
(Austria, operation (new plant)
Germany) (300,000 thm/yr)

DIOS JISF (Japan) Experience with ? 750
different parts; actual costs small
integrated pilot scale pilot plant
plant planned
(180,000 thm/yr)

HISmelt/KSG CRA (Australia) Pilot plant 16-17 ?
Klöckner (100,000 thm/yr) (pilot plant)
(Germany)

The COREX process is the only commercially applied smelt reduction process, CCF, DIOS and
HIsmelt are advanced projects. First commercialization of the more advanced smelt reduction
processes is expected around the turn of the century [Cusack et al.,1995]. The principals of the
smelt reduction processes have been proven on large scales, and the construction of large sized
demonstration plants is planned for the near future. The principals of all processes are similar,
although differences occur, especially in the pre-reduction phase where ores and coal are mixed.
CCF and HIsmelt use ore fines, abandoning both coke making and ore preparation. DIOS and
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CCF use oxygen [Meijer et al.,1994; Shoiara,1991], while the HIsmelt does not need oxygen
production but uses hot blast stoves [Cusack et al.,1995]. In the Republic of Korea a second
COREX unit (600,000 tonnes/year) is under construction, of which the offgas will be used to
produce DRI in a separate Midrex DR-plant (start-up 1997). A similar system has been ordered
for South Africa (start-up 1998) [Midrex,1996].

Due to the different reaction conditions and the full integration, the theoretical energy demand of
smelt reduction is lower than that of a blast furnace [Pühringer et al.,1991]. Previous studies
estimated the energy consumption to be 20-30% lower than that of the conventional blast furnace
route. Smelt reduction plants generally have a higher coal input per tonne product than current
blast furnaces, but export larger quantities of fuel gas. The exported offgas of the COREX-
process has a heating value of approximately 7 MJ/Nm  (LHV) and is relatively clean (sulphur3

content of 10-70 ppm) [Pühringer et al.,1991]. Net energy consumption of smelt reduction is
therefore lower than that of the blast furnace route. In the near future net fuel use is estimated to
be 20.4 GJ/tonne pig iron with a net electricity production of 2.1 GJ /tonne (595 kWh ) [Meijere e

et al.,1994], equal to a net primary energy consumption of 15.1 GJ/tonne (assuming 40%
electricity generation efficiency). In the long term further reductions leading to a net specific
energy consumption (SEC) of 11 GJ/tonne pig iron may be expected (derived from Langen and
Smith (1989). Currently operating plants already show energy consumption levels comparable to
the blast furnace routes, but at much smaller scales. The first commercial COREX plant operating
in South Africa has a capacity of only 300,000 tonnes/year and shows an estimated net SEC of
17 GJ/tonne pig iron [Pühringer et al.,1991; Delport,1991], which is comparable to that of a
modern blast furnace [Worrell et al.,1993], including ore preparation and coke making. Since the
figure is valid for a small first-of-a-kind plant, lower energy consumption figures may be expected
in the near future. This improvement can be reached through increased capacities, optimization
of the carbon monoxide/ore-interaction, and optimization of fuel gas use.

Coke plants consume high grade coking or metallurgical coal types, which are more expensive
than steam coal (used in power generation). Smelt reduction technology makes it possible to use
steam coal, thereby reducing fuel costs. Based on experience with the COREX-process in South
Africa, Pühringer et al. (1991) present suitable coal types is determined by the ratio of volatile
compounds to fixed carbon, ash and sulphur contents. Ash content should not exceed 25%, while
the sulphur and phosphorus content should be as low as possible. In the COREX plants, coals
with a sulphur and phosphor content of 0.7-0.9% and up to 0.07% respectively have been used
[Delport,1991]. The ratio of volatile carbon compounds to fixed carbon may vary between 10 and
40% [Pühringer et al.,1991].  The use of steam coal will reduce the fuel costs compared to a blast
furnace.

Capital costs of modern blast furnace-based plants are high. The investments involve coke plants,
ore preparation (sintering, pelletization) and the blast furnace. Economies of scale typically result
in large scale primary steel plants. Blast furnace plants are estimated to cost approximately 330-
350 US$(1990)/tonne hot metal (thm) annual capacity (derived from Meijer et al., 1994). The
capital required for a commercial sized CCF plant are estimated to be 150-180 US$/tonne annual
capacity [Meijer et al.,1994]. The investments required for the COREX-process are estimated to
be 210-250 US$/tonne capacity (excluding ore agglomeration plant) [Meijer et al.,1994]. Costs
associated with the construction and start-up time must be taken into account. The construction
of an integrated primary steel plant may take over 5 years, while the construction of the COREX-
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plant in South Africa took approximately 3 years, resulting in reduced capital requirements. The
operating costs of a smelt reduction plant will depend on local conditions, but may be expected
to be significantly lower due to the abandoned processes. The reduction of operation and
maintenance costs for the CCF process in Western-European conditions is estimated to be 18
US$/tonne pig iron [Meijer et al.,1994]. Specific studies are needed to quantify the economics for
application in China. Smelt reduction processes require a large amount of process automatization
and training.

Smelt reduction shows environmental advantages which are important to developing countries
as they become more and more exposed to the environmental consequences of rapid industrial
development. A number of environmentally problematic compounds (e.g. sulphur compounds,
poly aromatic hydrocarbons, ammonia) are released in cokemaking, making extensive gas clean-
up at the coke plant necessary. Coke making and ore preparation also release large amounts of
dust. Inherent to the smelt reduction processing route is the absence of the formation of most of
the problematic compounds in coke making, while the fuel gas produced has much lower sulphur
content than coke gas. In smelt reduction, hydrocarbons are not condensed [Pühringer et
al.,1991], but combusted at the high reactor temperatures. Integration, abandoning coke
quenching, and reduced ore handling will reduce the dust emissions. The HIsmelt pilot plant
showed relatively low dust rates, and the dust can be recirculated into the process [Cusack et
al.,1995]. Another possibility, demonstrated with the CCF, is the use of zinc-containing wastes
(dust from secondary steelmaking and blast furnace sludge), as most of the zinc is captured in the
gas clean-up, leaving clean iron [Meijer et al.,1994].

Table 2.3 summarizes the technical data for Smelt reduction technology.
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Table 2.3 Summary of input data for smelt reduction technologies for the ATLAS-project. The
energy savings are estimated relative to a modern blast furnace [Worrell et al.,1993], and can
be higher for the EU-average. Electricity generation efficiency is assumed to be 40%. Exchange
rate is assumed to be 1.24 US$/ECU (1994).

1995 2000 2010

Technical Data
 Typical Size (t/yr) 300-600,000 300-600,000 500-1,000,000
  Life-time (yr) 30 30 30
  Construction (yr) 3 3 3

Energy Data
 Fuel use (GJ/thm) 17.6 16.6 20.4
 Electr. Use (GJe/t) 1.0 1.0 -2.1
 Primary Energy (GJ/t) 20.1 19.1 15.2
 Savings (%)

Economic Data
 Investments (ECU/t) 200 170-200 120-150
 Fixed O&M (ECU/t) -30% -30% -15 ECU/t
 Variable O&M (ECU/t)

Environmental Data
 CO2 emissions -15%
 SO2, NOx emissions > -15%
 Other emissions

Capacity EU (t/yr) 0 0 n.a.
Capacity outside EU (t/yr) 300,000 2,250,000 n.a.
Remarks (based on) COREX COREX CCF
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2.2. Near Net Shape Casting

Near net shape casting implies the direct casting of the metal into (or near to) the final shape, e.g.
strips or sections, replacing hot rolling. In conventional steelmaking, steel is first cast and stored.
The cast steel is reheated and treated in the rolling mills to be reshaped. Near net shape casting
integrates casting and the first rolling steps. The technology was originally proposed back in the
previous century by Bessemer. The current status of this technology is so-called thin slab casting.
Instead of slabs of 120-300 mm thickness produced in a CCM, slabs of 30-60 mm thickness are
cast. The cast thin slabs are reheated in a coupled furnace, and then directly rolled in a simplified
hot strip mill. Technology is currently supplied by German constructors, SMS (Compact Strip
Plant, CSP) and Mannesmann-Demag (In-line Strip Plant, ISP). Seven plants are in operation
worldwide (see Table 2.4) with a total capacity of over 5 Mtonnes. A total 10 Mtonnes capacity
is on order from steel plants in India, Korea, Malaysia, Spain and the USA [SMS,1995].
Noteworthy is the application of the technology in developing countries (e.g. Korea and Mexico)
and orders from India and Malaysia, showing that this medium scale technology suits the size of
the often smaller steel plants in developing countries.

Table 2.4 Commercial thin slab casting machines in the world (summer 1995). Thin slab casters
are delivered by Schloemann-Siemag Aktiengesellschaft (SMS, Compact Strip Plant; CSP) or
by Mannessmann-Demag (In-line Strip Plant; ISP). Sources: [SMS,1995; Tomassetti,1995a].

Location Capacity Slab Thickness Start-up
(tonnes/year) (mm)

Nucor Steel (CSP)  900,000 40-50 1989
Crawfordsville, USA

Nucor Steel (CSP) 1,000,000 50 1992
Hickman, USA

AST (CSP) ? 50 1992
Terni, Italy

Arvedi (ISP)  500,000 30-60 1992
Cremona, Italy

Nucor Steel (CSP)  900,000 40-50 1994
Crawfordsville, USA

Nucor Steel (CSP) 1,000,000 50 1994
Hickman, USA

HYLSA (CSP)  900,000 50 1994
Monterrey, Mexico

Hanbo Steel (CSP) 1,000,000 50 1995
Asan Bay, Korea
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Currently technology development is directed towards further reduction of the cast thickness in
order to abandon the need for reheating and the (hot) rolling stand. Large Research &
Development programmes are ongoing, with cooperation of European and Japanese steel
companies and constructors. A pilot plant was started in 1992 in Umeå, Sweden [Smit et
al.,1994], and a joint project between Sacilor, Thyssen and SMS is developing a thin slab caster
(to 14 mm thickness). A variation of thin slab casting is direct rolling or hot charging of the steel
in the rolling mill. This option is already technically feasible, but will require large, expensive
renovations in the lay-out of existing steel plants. In new steel plants the location of the rolling
plants can be optimized to reduce internal transport and reheating needs. 

Energy savings can be estimated by comparing the energy required for the slabbing furnace and
the driving energy of the hot strip mill, to energy required for the near net shape casting machine.
In the CSP plants, energy used for casting and rolling is reduced to 0.6 GJ/tonne rolled steel
(primary energy), equivalent to savings of 75% relative to current best practice using conventional
technology.  
The capital costs of strip casting plants are expected to be much lower than a conventional CCM
and hot rolling mill. Estimates for the reduction of capital cost differ from over 30% [SMS,1995]
to 60% [Tomassetti,1995a], depending on the capacity of the rolling mill. This reduced capital
requirement made it possible for smaller (e.g. mini-mills) to enter the sheet steel markets. The
application of CSP technology by Nucor in the USA led to successful entry and expansion of
Nucor in this market in the USA. The reduction of operating costs is estimated to be 20-25%
[SMS,1995; Tomassetti,1995a], although cost reductions will depend on local circumstances.

Although rolling mills emit only limited amounts of environmentally burdensome emissions, the
integration of the operations in one compact plant reduces the amount of material handling. The
application of the thin slab caster in Italy has led to significant reduction of dust emissions
[Tomassetti,1995a], resulting in a nearly dust-free working environment inside the plant. 

Table 2.5 summarizes the data for near net shape casting technology in the EU.
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Table 2.5. Summary of input data for smelt reduction technologies for the ATLAS-project. The
energy savings are estimated relative to a modern continuous casting machine and hot strip mill
[Worrell et al.,1993], and can be higher for the EU-average. Electricity generation efficiency
is assumed to be 40%.

1995 2000 2010

Technical Data
 Typical Size (t/yr) 500-1,000,000 500-1,000,000 500-1,000,000
  Life-time (yr) 30 30 30
  Construction (yr) 1.5 1.5 1.5

Energy Data
 Fuel use (GJ/thm) 0.38 0.38 0.35
 Electr. Use (GJe/t) 0.12 0.12 0.12
 Primary Energy (GJ/t) 0.7 0.7 0.7
 Savings (%) 77% 77% 78%

Economic Data
 Investments (ECU/t) -35% -35% -35%
 Fixed O&M (ECU/t) -20% -20% -20%
 Variable O&M (ECU/t)

Environmental Data
 CO2 emissions -77% -77% -78%
 SO2, NOx emissions -77% -77% -78%
 Other emissions reduced dust/water reduced dust/water reduced dust/water

Capacity EU (t/yr) 1,000,000 1,900,000 n.a.
Capacity outside EU (t/yr) 5,700,000 14,600,000 n.a.
Remarks (based on) CSP CSP CSP
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2.3 Pulp and Paper Industry

Paper (NACE 21.1) is produced from two main materials, e.g. primary wood pulp (both chemical
and mechanical) and waste paper. The use of waste paper reduces the pulp production (but
introduced de-inking), and hence energy consumption  and other environmental emissions,
However, paper can be recycled a limited number of cycles (due to the deteriorating length and
strength of the fibres) and use will depend on the paper type and grade. Pulp and paper making
in the EU-12 is responsible for almost 2% of the total primary energy consumption [Worrell et
al.,1994]. In the Scandinavian member states the importance of the pulp and paper industries is
much larger. Also the structure of the pulp and paper industries varies widely. While the
Scandinavian countries produce more pulp (which is exported to other EU member states) most
other countries produce more paper. The use of waste paper varies widely as well, e.g. Austria
and The Netherlands use 71% and 63% waste paper, respectively, compared to an European
average of 42% [Byström and Lönnstedt,1995]. Table 2.6 gives an overview of the structure and
production volumes of the pulp and paper industry in the EU member states. 

Table 2.6. Statistical overview of the pulp and paper industry in the EU(1990). Based on:
[FAO,1995]. The waste paper use is estimated on the basis of the year 1989 [VNP,1990].

Country Pulp Production Paper Production Waste Paper Use
(ktonne) (ktonne) (%)

Austria 1498 2932 n.a.

Belgium 478 1196 27%

Denmark 68 335 66%

Finland 9118 8967 n.a.

France 2399 7049 45%

Germany 2339 11873 48%

Greece 50 361 n.a.

Ireland 0 35 n.a.

Italy 621 5587 44%

Luxembourg 0 0 -

Netherlands 190 2770 69%

Norway 2203 1819 n.a.

Portugal 1449 780 35%

Spain 1482 3446 55%

Sweden 10215 8419 n.a.

United Kingdom 743 4824 50%
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2.3.1 Black Liquor Gasification and CHP

Pulping is the process by which the fibres in the wood are separated and treated to produce pulp.
The wet pulp is converted into paper (at an integrated pulp and paper mill) or dried and
transported from the pulp mill to the paper mill. Different pulping processes are used depending
on the raw material and end product. The major processes are chemical and mechanical pulping.
Mechanical pulping the wood is ground to produce fibres, which are used to make weaker paper
types (due to the friction in the pulping), especially newsprint paper. In chemical pulping the lignin
in the wood is dissolved  in a digester where the woodchips are cooked. The chemicals can be a
mixture of sodium hydroxide and sodium sulfide or sulfite. After a few hours the fibres are
separated from the spent pulping liquor (so-called black liquor). The pulp yield is equal to 40-50%
(bleached) or 50-65% (unbleached) of the incoming wood [Nilsson et al.,1995]. The process
chemicals and energy from the spent liquor are recovered. The black liquor is first concentrated,
and subsequently incinerated in so-called recovery boilers, recovering the chemicals and
generating steam for the plant (used to produce electricity in  a steam turbine plant, with an
estimated overall efficiency of 23% [Nilsson et al.,1995]). Generally the heat and electricity
production ratio matched demand well. High investments of  recovery boilers and increasing
electricity demand (and decreasing steam use) has increased the interest in other cogeneration
options. Options are fluidized bed combustion or gasification with gas turbine based cogeneration.
We will concentrate on the latter because it shows a high efficiency and seems therefore very
promising.

Gasification produces a fuel gas with heating values of 3-4 MJ/Nm  (HHV) using air or 8-93

MJ/Nm3 (HHV) using oxygen (or an indirect gasifier, see below) as gasifying medium [Grace and
Timmer,1995]. The gas should be cleaned to recover inorganic chemicals (e.g. alkalines, H2S)
to prevent damage to the gas turbine and reduce emissions. In existing pilot plants the gas is not
yet burned in a gas turbine but in steam boilers, because gas clean up technologies are still under
development. Besides black liquor a gasifier could also use wood wastes (bark and other residues)
to produce fuel gas. Typically, this is around 5-10% of the pulp wood [Nilsson et al.,1995] and
would add 4 GJ per tonne of pulp, to the 20-25 GJ/tonne pulp from the black liquor [Nilsson et
al.,1995]. 

Gasification processes can be divided in low temperature (indirect) and high temperature
processes.  The problem of low temperature gasification is maintaining the right temperature to
reduce tar formation and to avoid agglomeration of bed material. The low temperature processes
use a fluidized bed. Solid sodium carbonate is used as the bed material and is precipitated out (and
re-used). Two manufacturers are the leading developers of fluidized bed processes, i.e. MTCI
(USA) and ABB (Sweden). The MTCI design is an indirectly heated fluidized bed gasifier, and
a 50 tonne/day (solids) pilot plant is tested in North Carolina (USA). The ABB design is an air
blown circulating fluidized bed gasifier. A 2-4 tonne/day pilot plant has been tested in Sweden
since 1991, and 25 tonne/day demonstration unit will be tested in the US [Nilsson et al.,1995].

High temperature processes use an entrained bed gasifier, from which the chemicals are recovered
in the smelt (comparable to recovery boilers). The high temperatures lead to higher carbon
conversion rates, but may lead to more corrosion. Kvaerner Pulping (Sweden) is the leading
developer, and a 75 tonne/day unit is operating at a Swedish pulp mill. A pressurized system (6-7
bar) is in operation in Sweden since 1994 (6-7 tonne/day). Kvaerner Pulping has offered the first
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commercial sized units (250-300 tpd), and one US order has been received. Tampella (Finland)
has  limited the research activities to basic research.  

Implementing a gasifier and combined cycle based cogeneration will increase the electricity
production of a pulp mill, making a pulp mill an electricity exporter (baseload). We will estimate
the savings for gasification of the black liquor and wood wastes of the pulp mill. For the reference
situation we will assume average 1988 energy consumption (electricity consumption of 800
kWh/tonne pulp, and 15 GJ steam/tonne pulp). For the 2000 situation we use the best 1988 pulp
mill (electricity consumption of  710 kWh/tonne and steam use of 12.5 GJ/tonne), while for the
2010 data we assume the model 2000 plant (electricity consumption of 570 kWh/tonne and steam
use of 8.0 GJ/tonne), as given by Nilsson et al. (1995).

A gasifier and combined cycle will produce approximately 1800 kWh electricity/tonne pulp and
11 GJ-steam/tonne assuming a kraft pulp mill, using black liquor and the wood residues in the
pulp mill [Nilsson et al.,1995]. The prospective energy savings (based on the 1990 production
volume) are estimated in Table 2.7.

Total 2.7 Chemical pulping in EU member states (1990) [FAO,1995] and estimated annual
energy savings (TWh-electricity), using black liquor gasification and CHP. Member states not
mentioned do not have chemical pulping capacity installed.

Country Chemical Electricity Electricity Electricity
Pulp Production Production Production
Production 1995 2000 2010 
(ktonne) (TWh/yr) (TWh/yr) (TWh/yr)

Austria 965 0.97 1.05 1.19

Belgium 218 0.22 0.24 0.27

Finland 5038 5.04 5.49 6.20

France 1611 1.61 1.76 1.98

Germany 661 0.66 0.72 0.81

Italy 54 0.05 0.06 0.07

Norway 481 0.48 0.52 0.59

Portugal 1449 1.45 1.58 1.78

Spain 1258 1.26 1.37 1.55

Sweden 6677 6.68 7.28 8.21

EU-15 (excl. Norway) 18412 18.41 20.07 22.65

The estimated investment costs of a black liquor IGCC cogeneration plant are estimated by
McKeough et al. (1995) for plants with bark-fired boilers and a feed rate of 2,000 t/day black
liquor solids. Total direct costs are estimated at 110 million ECU (1992) for a black liquor IGCC,
compared to 85 million ECU (1992) for a conventional plant with a recovery boiler. Per net
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power output of the mill, the direct investment costs are estimated at 1.5 ECU/kW, compared to
2.8 ECU/kW for a conventional mill.

Table 2.8 summarizes the specific data for black liquor gasification, based on [Larson,1992],
[Nilsson et al.,1995] and [McKeough et al., 1995].

Table 2.8 Summary of input data for black liquor gasification and combined cycle-based
cogeneration for the ATLAS-project. The energy savings are estimated relative to assumed pulp
mill efficiencies for the years (see text). Electricity generation efficiency is assumed to be 40%,
and steam generation efficiency is assumed to be 90%. The heat generated from the CHP unit
(using the production waste) is consumed in the pulp mill (no heat export).

1995 2000 2010

Technical Data
 Typical Size (t/yr) 10,000-20,000 90,000 - 130,000 90,000-130,000
  Life-time (yr) 20 20 20
  Construction (yr) 

Energy Data
 Fuel use (GJ/t) 0.0 0.0 0.0
 Electr. Use (GJe/t) -3.6 -3.9 -4.4
 Primary Energy (GJ/t) -9.0 -9.8 -11.0
 Savings (%)

Economic Data
 Investments (ECU/kW) 2.8 2.8 1.5
 Fixed O&M (ECU/kW)
 Variable O&M (ECU/kW)

Environmental Data
 CO2 emissions
 SO2, NOx emissions
 Other emissions

Capacity EU
Capacity outside EU
Remarks conventional boiler conventional boiler Black liquor IGCC
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2.3.2 Impulse Drying

Conventional drying. Paper is made from a mixture of pulp and water. During the paper making
process the water content of the mixture is reduced in three steps: forming, pressing and drying.
In the forming section the mixture (called stock) is dispersed on a wire screen. Water is removed
by gravity or vacuum suction boxes. In the press section water is squeezed out of the paper by
passing it, supported by a felt, through three or four pairs of cylinders. The drying section consists
of 40 to 50 steam heated cylinders. Steam of 6 to 12 bar is brought into the cylinders where it
condenses. Water in the sheet is removed by evaporation. The temperature at the cylinder surface
varies from 100 C to 165 C. Table 2.9 shows the composition of the stock and the amount ofo o

water removed.

Table 2.9 Composition of the stock in the various stages of paper drying and the amount of water
removed (based on the production of 1 tonne paper).

Stage Fibres (kg) Water (kg) Dry mat- Water removed
ter con-
tent (%) (kg) (%)

Ingoing 950 94050 1

After forming 950 3800 20 90250 96

After pressing 950 1425 40 2375 2.5

After drying 950 50 95 1375 1.5

94000 100

Impulse drying is a technology that improves the mechanical dewatering of paper and
consequently reduces the amount of water that has to be removed in the drying section. The press
cylinder is heated by steam or electro-techniques (infrared, induction heating). Very high
temperatures (200-500 C) are used and contact time is very short. Sheet dryness can be increasedo

from 40% to 55-75% depending on the grade of paper [Wahlstrom,1991]. It is not certain what
mechanism causes this high drying rate. One theory is that the water in the sheet evaporates and
steam is formed along the cylinder. The steam can push the water held between the fibres out of
the sheet [Wahlstrom,1991; Smith,1993]. Other merits of this technology are that the drying
section can be significantly reduced, resulting in lower capital costs and that paper with different
and often improved quality can be produced [Vincent,1993]. Impulse drying can probably be
applied to all types of paper, except tissue. 

Impulse drying has been tested on laboratory scale. Research into impulse drying began at the
Institute of Paper Science and Technology (IPS&T) (USA) in 1980 [Gunderson,1991]. By the
end of the 1980s positive results were obtained for lightweight papers. Bottlenecks in the
development are [Gunderson,1991; Back,1993]: 
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1. Delamination of the sheet as it exits the press, and the pressure is released (especially in
drying heavy grades);

2. Sheet sticking to the cylinders;
3. Two-sidedness in drying of lightweight grades;
R&D should be (and is) directed at a better understanding of the mechanism of water removal.
IPS&T is experimenting with a cylinder with a ceramic coating to reduce delamination. First
results seem very promising [Smith,1993]. IPS&T has formed a consortium with paper
manufacturers to further develop and commercialize impulse drying. They planned to have full-
scale demonstration by the end of 1997. However, development will continue to broaden the
range of paper grades it can be applied on and to increase the outgoing dryness.

IPS&T makes an analogy with the introduction of the wide-nip press to predict the market
penetration of impulse drying. It took the wide-nip press about ten years after first implementation
to penetrate into about 50% of the world production of heavy grades. When the plan of
commercialization of IPS&T comes through, first commercial implementation can be expected
in the period 2000-2005. Dryness after the press will be about 50-55%, depending on the grade
of paper. By 2015 a higher dryness can be achieved, about 60-65% on average. On the longer
term a combination of an impulse dryer and a condensing belt dryer might be applied. This will
result in a very efficient dryer section using only 20-30% of the steam used today
[Gunderson,1991].

The energy consumption depends, among others, on the input of recycled paper and on specific
processes (like coating, gluing). Figures presented in table 2.10 are averages [Melman,1990].
Maximum deviation in steam consumption is -45% for newsprint paper, which is produced in an
integrated pulp and paper mill. Maximum deviation in electricity consumption is -32%. 
In most paper mills a CHP-unit is installed. The figures in table  give final energy demand, i.e.
steam and electricity required by the process. The energy conservation effect can be determined
by calculating the reduction in the amount of water to be evaporated in the drying section. Most
energy is used in the drying section. The energy consumption can be reduced by increasing the
dry matter content after the press. A rule of thumb is that a 1% increase in dryness after the press
results in a 4% decrease in steam consumption of the drying section [Lewyta,1983]. However,
this 4% reduction will decrease at higher dryness, because evaporating the last water in the sheet
costs most energy. Several technologies have been developed or are under development. The long
nip press, which is already commercially available, is an example of such a technology.

When the dryness after the press is increased from 40% to 60%, a reduction of 60% of the steam
demand of the drying section can be achieved. The drying section consumes 90% of the steam
demand of a paper mill. On the other hand, the energy demand of the pressing section increases.
The importance of this increase depends on the way of heating, infra-red, induction or steam.
When higher temperatures are required, say above 250 C, steam is no longer an option, ando

electric heating is required. We assume that the cylinder is heated by infra-red and that the
additional electricity demand equals 25% of the steam saved in the drying section. Furthermore,
we assume that the additional electricity required to drive the cylinder is outweighed by the
diminished electricity demand of the drying section

Economics are influenced by the design of a paper machine with an impulse dryer are conceivable.
One design would be to place it after the last press and halving the number of drying cylinders.
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Investment costs of the impulse dryer are more than compensated by the reduced drying section.
Although an impulse dryer requires additional operation and maintenance costs, this will be
levelled out by the diminished O&M-costs of the drying section. In table 2.10 an estimate of the
costs is given based on a conventional paper machine. Investment costs conventional paper
machine 110 ECU/tonne [Krekel,1982; Novem,1990], assuming an exchange rate of 2.1
Dfl/ECU. It is assumed that the drying section accounts for 50% of these costs. The number of
drying cylinders can probably be reduced from 30 to 10 (resulting in 30 ECU/tonne investment
costs). Furthermore, it is assumed that a pair of presses costs 10 ECU/tonne and an impulse dryer
is 3.5 times as expensive. 

Table 2.10 Summary of input data for Impulse Drying technologies for the ATLAS-project. The
energy savings are estimated relative to an average paper machine. Electricity generation
efficiency is assumed to be 40%, and steam generation efficiency is assumed to be 90%.

1995 2000 2010

Technical Data
 Typical Size (t/yr)
  Life-time (yr) 20
  Construction (yr) 1-2

Energy Data
 Steam use (GJ/t) 2.8
 Elect. Use (GDE/t) 2.7
 Primary Energy (GJ/t) 9.6
 Savings (%) 14%

Economic Data
 Investments (ECU/t) 140
 Fixed O&M (ECU/t) 10
 Variable O&M (ECU/t)

Environmental Data
 CO2 emissions -14%
 SO2, NOx emissions -14%
 Other emissions

Capacity EU 0 0 n.a.
Capacity outside EU 0 0 n.a.
Remarks not commercial in 1995 not commercial in 2000
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2.3.3 Condensing Belt Drying

Paper is made from a mixture of pulp and water. During the paper making process the water
content of the mixture is reduced in three steps: forming, pressing and drying. In the forming
section the mixture (called stock) is dispersed on a wire screen. Water is removed by gravity or
vacuum suction boxes. In the press section water is squeezed out of the paper by passing it, sup-
ported by a felt, through three or four pairs of cylinders. The drying section consists of 40 to 50
steam heated cylinders. Steam of 6 to 12 bar is brought into the cylinders where it condenses
giving off heat. Water in the sheet is removed by evaporation. The temperature at the surface
varies from 100 C to 165 C. Most energy is used in the drying section. The energy consumptiono o

can be reduced by increasing the dry matter content after the press.

In the condebelt drying concept a wet web (sheet of paper) is carried between two steel bands,
one hot band and one cold band, and subjected to high pressure (max. 10 bar) and temperature
(max. 180 C). Heat is transferred from the hot band to the sheet, moisture evaporates ando

traverses through two wire screens to the cold band, where it condenses. The condensate is
carried away by the thickest of the two wire screens. The sheet is dried in absence of air. In
contrast with conventional pressing technologies and impulse drying the pressure is maintained
for several seconds, resulting in good paper qualities. Drying rates are 5-15 times as high as in
conventional drying. Condensing belt drying can dry paper from 44% (exit conventional pressing
section) to 94%. The technical life of paper machines is approximately 20 years and investment
costs are extremely high. Demonstration of new pressing and drying technologies will be difficult.
The first Condebelt dryer is delivered to Finnish paper mill (Pankakoski) and would start
production in the spring of 1996. Condensing belt will be available for all types of paper, except
tissue.

Research into the condensing belt dryer started in 1975. Several laboratory scale experiments have
been conducted. At this moment the technology is in the pilot plant phase. The technology is
being developed by one paper machinery manufacturer: Valmet Tampella in Finland. There seem
to be no major problems that have to be solved. One obstacle, the curling of the paper when
leaving the dryer, can easily be solved by applying a few conventional drying cylinders at the end.

The energy consumption depends, among others, on the input of recycled paper and on specific
process (like coating, gluing). Figures presented in table 2.11 are averages [derived from Melman
et al., 1990]. The figures in table 2.11 give final energy demand, i.c. steam and electricity required
by all processes in the paper mill. Condensing belt drying can be applied instead of conventional
drying. Steam losses occur due to leakages of steam at the seals. It is determined that these steam
leakages amount to 20% of steam consumption required to evaporate water from the web. Drying
paper from 40% to 94% theoretically requires 3.1 GJ/tonne. If we account for the seal losses and
neglect other losses the steam consumption with condensing belt drying would be 3.9 GJ/tonne.
The steam consumption of the complete paper machine would be 4.5 GJ/tonne. This means a
saving of 26%. The electricity consumption will reduce also, because no energy is required to
drive the large number of cylinders. The electricity consumption of the drying process is only 2%
of the total electricity consumption. Consequently, the electricity saving is negligible. The
temperature of the water leaving the dryer makes it also possible to use a heat pump to recover
85% of the waste heat (50% in a conventional machine) [Lehtinen,1995]. In the long term (after
2015) a combination of an impulse dryer and a condensing belt dryer might be possible, reducing
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the steam consumption of the drying section by 75%. 

Investment costs conventional paper machine 170 ECU/tonne [Krekel et al., 1982; Novem, 1990].
It is assumed that the drying section accounts for 50% of these costs. A condensing belt dryer will
be applied to replace the drying section. The new Finnish Condebelt dryer showed investments
of approximately 10 MECU (60 Million FIM) at a capacity of 230m/minute (to be doubled in a
later stage, which is equal to 98 ktonne/year). On the basis of this machine the investments would
be equal to approximately 102 ECU/tonne (asssuming continuous production). O&M-costs are
estimated at 6% of the investment costs. Increased O&M-costs for the condensing belt dryer will
probably be levelled out by decreased O&M-costs for the conventional paper machine.

Table 2.11 Summary of input data for Condensing Belt Drying technology for the ATLAS-
project. The energy savings are estimated relative to an average paper machine. Electricity
generation efficiency is assumed to be 40%, and steam generation efficiency is assumed to be
90%.

1995 2000 2010

Technical Data
 Typical Size (t/yr) 100,000
  Life-time (yr) 20 20 20
  Construction (yr) 1 1 1

Energy Data
 Fuel use (GJ/t) 5.2 5.0 4.5
 Elect. Use (GJe/t) 1.9 1.9 1.9
 Primary Energy (GJ/t) 10.5 10.3 9.8
 Savings (%) 10% 11% 15%

Economic Data
 Investments (ECU/t) 110 100 100
 Fixed O&M (ECU/t) 6 6 6
 Variable O&M
(ECU/t)

Environmental Data
 CO2 emissions -10% -11% -15%
 SO2, NOx emissions -10% -11% -15%
 Other emissions n.a. n.a. n.a.

Capacity EU (Mtonne) 0.6 n.a. n.a.
Capacity outside EU 0.0 n.a. n.a.
Remarks
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2.4 Chemical Industries

The chemical industries (NACE 24) are complex, producing more than 50,000 chemicals and
formulations. At the same time, the industry is an important part of the global economy,
accounting for approximately 7% of global income and 9% of international trade [WEC,1995].
Depending on accounting definitions, and taking into account that many petrochemical products
are manufactured in oil refineries, the chemicals sector is considered to be the largest industrial
energy user in the US and the European Union, and accounting for roughly 5% of global primary
energy use (including feedstocks). In the EU-15 and Norway the chemical industry consumes
approximately 5.1 EJ, or nearly 10% of the total primary energy consumption in 1990
[IEA,1991]. The chemical sector in the EU is responsible for 11% of the oil consumption in the
EU, or equivalent to nearly 60% of the industrial oil consumption [IEA,1991]. Although the wide
variety of products results in an even wider range of production processes, many processes
combine a limited set of unit operations, e.g. furnaces, distillation, refrigeration, evaporation and
electrolysis. 

EU chemicals industry is the second largest in the world, after the USA, generating an annual
production of 103 Billion ECU [Eurostat,1995], and employs about 1.6 million people (after
decreasing at a rate of 2.9%/year since 1990). The EU is the largest exporter of chemicals,
exporting approximately 21% of the production outside the EU. Germany is, by far, the largest
producer, followed by the United Kingdom, France, Italy, Spain and The Netherlands. The
chemical industry has restructured in the 1990's to adapt to the economic slowdown in the
industrialized countries. Today, the EU chemical industry consists of nearly 33000 enterprises.
However, the chemical industry is concentrated in large international companies, with 8% of the
companies generating 79% of the turnover [Eurostat,1995]. The largest companies in the EU are
Hoechst, Bayer, BASF (all German), Rhone-Poulenc (France) and ICI (UK). 

Table 2.12 depicts the most important chemical products, from the point-of-view of production
volumes and energy consumption. The production of basic chemicals is energy intensive, and
generates approximately 32% of the value added [Eurostat,1995]. From the perspective of energy
policy these products are the most important, and we will concentrate on these. The most
important products are the petrochemicals, followed by ammonia, chlorine and alumina. These
intermediate products are used in many industrial production processes as raw materials,
producing the wide variety of chemical products and compounds. Besides these energy intensive
processes, a wide range of compounds are produced using the mentioned unit operations. In the
less energy intensive industries still a considerable amount of energy is used, and because energy
is only a minor part of the production costs, still large potentials for energy efficiency
improvement exist. For example the EU pharmaceutical industries are estimated to consume
around 200 PJ, or equivalent to 5% of the total energy consumption.
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Table 2.12. Major products of the EU chemical industry from the perspective of production
volumes and energy consumption. The values are estimates for the EU-12 for the year 1988
[Worrell et al.,1994]. Between brackets the share of the total EU energy consumption are given.

Product Production EU-12 Primary Energy Consumption 
1988 (PJ)
(ktonne)

Petrochemicals 27734 2237 (4.8%)

Ammonia 12479 443 (1.0%)

Chlorine 8490 287 (0.6%)

Soda ash 5750 75 (0.2%)

Alumina 4900 72 (0.2%

Phosphor 240 40 (0.1%)

Polyethylene 5955 36 (0.1%)

VCM 4360 36 (0.1%)

Methanol 2000 34 (0.1%)

Polypropylene 2440 29 (0.1%)

Styrene 3000 27 (0.1%)

PVC 3930 23 (0.1%)
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2.4.1 Ammonia - Autothermal Reforming

Both natural gas (NG) and hydrocarbon residues (HCRs) are used for the production of ammonia
(NH ). HCRs can be used as feedstocks in the fertilizer industry with the partial oxidation process.3

The advantage of the partial oxidation process is that it can utilize a wide range of HC feedstocks.
Disadvantages are high energy consumption and the less suitable H /N -ratio in the produced2 2

synthesis gas. Partial oxidation plants that were built between 1975 and 1980 consume on average
41.8 GJ/tonne ammonia (LHV); for steam reforming of natural gas, the figure is 31.4 GJ/tonne
(LHV). Sometimes, however, partial oxidation is favoured for economic reasons (if, for example,
cheap refinery residues are available). Coke-oven gas is still used but the amount is decreasing.
In special cases, synthesis gas from other sources [e.g., coal (China, Japan), peat (Finland) and
electrolysis (Iceland)] is used. We will not deal with these processes here because natural gas is
commonly considered to be the major feedstock of the future. This may also be concluded from
recent plans for the world-production capacity. Over 80% of this capacity will use natural gas as
feedstock. Ammonia production in the EU (in 1988) is shown in Table 2.13.

Table 2.13 Production and primary energy use of ammonia making in EU-12 (in ktonne/year)
[Worrell et al., 1994].

Country Production Primary energy-use,

(ktonne/year) (PJ/year)
incl. feedstock

Belgium 307 12

Denmark 0 0

France 2011 71

Germany 2215 86

Greece 296 13

Ireland 210 7

Italy 2122 78

Luxembourg 0 0

Netherlands 3278 110

Portugal 118 5

Spain 581 17

United Kingdom 1341 46

EU-12 12479 443 (1.0% of total
EU energy
consumption)
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The average specific energy consumption was 35.5 GJ/tonne NH  in the EU-12 in 1988 [Worrell3

et al.,1994]. This figure will be used as basis for the conventional process in this analysis. The
present ‘best practice’ processes consume approximately 28 GJ/tonne (e.g.  the AMV process of
ICI). In the ammonia production process, savings on primary energy use can be achieved at many
stages in the process. We focus on the reforming of natural gas to syngas, as the most energy
intensive unit operation, with the highest energy (and exergy) losses.

Reforming of natural gas to syngas
The ammonia synthesis starts with the production of syngas from natural gas. Worldwide, steam
reforming counts for 80% of the syngas production [Worrell and Blok, 1994]. The main reactions
in this reforming of natural gas, assuming it consists completely of methane, are:

steam reforming reaction: CH  + H O   CO + 3 H (1)4 2 2

watergas shift reaction: CO + H O   CO  + H (2)2 2 2

Reforming takes place in two stages, the primary and the secondary reformer. The inputs for the
reforming process are NG (mainly CH ), water (steam) and air. Desulphurized CH  is heated and4 4

led into the primary reformer. Because the reforming reaction is endothermic, heat has to be
supplied externally in this stage. Product gas from the primary reformer, a mixture of H , CO and2

CO  (still containing CH ), is passed to the secondary reformer. Here it is mixed with pre-heated2 4

air and passed over a nickel catalyst at 1100 C. CH  is partly burned with oxygen from the air4

to generate the energy that is necessary for the steam reforming reaction. Oxygen is also used to
oxidize a part of the CH  to CO and H . The syngas leaves the reactor at a temperature of4 2

approximately 980  C. In some processes (ICI-AMV, Braun), excess air is supplied to the
secondary reformer, so the primary reformer can be smaller and facilitates milder reforming
conditions [Worrell and Blok, 1994]. 

In the development of new (more efficient) syngas production processes, more attention is paid
to syngas production using the partial oxidation method [Smit et al., 1994]. The chemical
reaction is:

partial oxidation: CH  + 1/2 O    CO + 2H  (3)4 2 2

Reforming processes that combine steam reforming and partial oxidation are the most efficient
[Smit et al.,1994]. These processes are called advanced processes, of which autothermal
reforming (ATR) is one. In the autothermal reforming process both reaction (1) and (3) play an
important role. The processes of partial oxidation and steam reforming are highly integrated, i.e.
both reactions take place in one reactor. This reactor has similarities to the secondary reformer
of the steam reforming process. The reactions that take place are combinations of combustion and
steam reforming [Christensen en Primdahl, 1994]. In the combustion zone, the reaction is:

combustion zone: CH  + 3/2 O    CO + 2 H O (4)4 2 2

This reaction is without CO  production because CO is the primary combustion product, which2

is converted to CO  by a slow secondary reaction. In the thermal and catalytic zones, the reactions2

(1) and (2) occur to form H . The oxygen content of the oxidant in the reforming process depends2
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on the application of the syngas. For the production of NH , air is needed because this contains3

the N  necessary for the synthesis of ammonia.2

Stage of development
Autothermal reforming has been used since the 1960s on a small scale.  Research is done to
upgrade the process and make it suitable for large scale production. Haldor Topsøe has used
autothermal reforming in small scale designs since the 1960's, and has recently adapted its design
for CO-rich synthesis gas, especially for methanol production [Rostrup-Nielsen,1993]. Statoil, the
Norwegian state oil company, is building a new methanol factory on the north-west coast of
Norway. The plant will use an ATR designed by Haldor Topsoe with a capacity of 2,400 tpd.

Uhde in Germany developed the Combined Autothermal Reformer (CAR) process and has built
a demonstration plant. According to Uhde the energy requirement would be around 28.5 GJ/tonne
NH  at plant scales larger than 500 tpd [Christensen and Primdahl,1994; Marsch and3

Thiagarajan,1993]. Outside the EU the KRES (Kellogg Reforming Exchanger System) process
[Czupon,1994], that is also based on autothermal reforming, has to be mentioned. The KRES
system has been installed in Canada to provide syngas for an equivalent of 350 tpd ammonia. In
Table 2.14, the stage of development, together with the estimated SEC and investments of the
autothermal reforming process in the EU-12 is summarized.

Table 2.14 Development stage, SEC and the estimated investment of ATR in the EU-12.

Developers Status Estimated SEC Estimated
(primary) investments
(GJ/ton) (ECU/tonne)

Uhde tested successfully in 29.3 for small cost-effective
pilot-plant (500 tpd), plants, 28.5 for compared to
projected capacity is larger conventional
500 tpd, in the long reforming 
run more

b

Haldor tested successfully in 28 lower than
Topsoe pilot-plant, projected conventional

capacity is 5,000 - reforming
10,000 tpd

a

c

Notes: a. based on [Smit et al, 1994]; b: based on [Marsch and Thiagarajan,1993]; c: based on [Christensen and
Primdahl,1994].

As can be seen in Table 2.14, exact figures for estimated investments are not given by the
developers of the processes. Smit et al. [1994] estimated the investment costs of an autothermal
reformer to be lower than the investments in both the primary and the secondary reformer of the
AMV-ICI process. The reformers in the AMV-process count for 21% of the total investment (258
ECU/tonne), so the investments for an ATR will probably be lower than 54 ECU/tonne [Smit et
al.,1994]. O&M costs are estimated to be 3% of the investments [Worrell and De Beer,1993]. In
table 2.15, these figures are presented. The AMV-process currently produces at a SEC of 29.3
GJ/tonne ammonia. It can be expected that this SEC will decrease to about 28 GJ/tonne ammonia
in 2000. The autothermal reforming processes are expected to produce syngas at a SEC of 27.5
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GJ/tonne ammonia. Table 2.15 gives an overview of the data for ammonia production and
autothermal reforming in the EU. 

Table 2.15 Autothermal reforming. The savings are estimated relative to steam reforming (35.5
GJ/t in EU, 1988). The energy data are per tonne ammonia.

1995 2000 2010

Technical Data
 Typical Size (t/yr) 365,000-650,000 365,000-900,000 365,000-900,000
  Life-time (yr) 25 25 25
  Construction (yr) 3 3 3

Energy Data
 Fuel use (GJ/t) 29.3 28 27.5
 Electr. Use (GJe/t) 0 0 0
 Primary Energy (GJ/t) 29.3 28 27.5
 Savings (%) 17 20 23

Economic Data
 Investments (ECU/t) 260 260 57
 Fixed O&M (ECU/t) 8 8 1.7
 Variable O&M (ECU/t)

Environmental Data
 CO2 emissions -17% -20% -23%
 SO2, NOx emissions -17% -20% -23%
 Other emissions

Capacity EU (t/yr) 638,750 n.a. n.a.
Capacity outside EU (t/yr) 0 127,750 n.a.
Remarks (based on)

AMV AMV ATR
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Figure 2.1. Schematic representation of a membrane process.

2.4.2 Membranes

Synthetic membranes constitute a growing market in the separation capabilities of gases, liquids,
metals and microbes. The separation capabilities can be combined with large savings in energy,
low-cost modular construction and a high selectivity of separated materials. Processes based on
membranes find use in different applications, as water purification, chemical and food processing,
drug delivery, bioseparations and medical treatment. In general, only in a few applications
membranes have achieved commercial success, while others are still promising. The total world
market is expected to grow to more than $2.7 billion in the next decade. This chapter focuses on
the application of membranes in chemicals production. The use of membranes in food processing
is described in section 2.7. In general, when membrane processes are used a feed stream or waste
stream is divided into two streams, i.e. a retentate or concentrate stream and a permeate stream
(see Figure 2.1). 

Based on the separation principle and the state of feed and permeate streams, eight membrane
technology categories can be distinguished. The categories are listed in Table 2.16, as well as  the
driving force of the separation principle and the state of the feed and permeate [Mulder,1994].
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Table 2.16. Characteristics of membrane processes [Maaskant et al.,1993].

membrane process feed permeate driving force

micro filtration (MF) liquid liquid pressure (0.5-5 bar)

ultra filtration (UF) liquid liquid pressure (2-10 bar)

nano filtration (NF) liquid liquid pressure (5-20 bar)

reverse osmosis (RO) liquid liquid pressure (10-80 bar)

gas separation (GS) gas gas (partial) pressure

facilitated transport (FT) gas gas chemical absorption anda

pressure

vapour permeation (VP) vapour vapour (partial) pressure

pervaporation (PV) liquid vapour (partial) pressure

electrodialysis (ED) liquid liquid electrical potential
Note a. Source: [Barchas,1996].

In the chemical industry, currently the most important of processes are gas separation and
microfiltration [Maaskant et al.,1993]. The two processes show large energy-savings before 2010.
The other processes are in the demonstration on a limited scale [Meindersma,1996]. Since the
applications of membranes are very diverse, it is impossible to give general figures regarding the
energy and economic parameters. Only rough estimates are available. In Table 2.17 the estimates
given by Mulder [1994b] are presented for the general energy consumption. As a comparison, the
energy consumption of vaporization of water as solvent is included in Table 2.17, which can be
considered as a minimum energy requirement of an evaporation process.

Table 2.17 The minimum energy consumption of microfiltration compared to evaporation 
Source: [Mulder,1994b].

Process Energy-consumption 
(kJ/kg)

microfiltration 7-70

evaporation 2260

Despite the rough estimates, generally the energy consumption of membrane processes will be
much lower than of conventional separation methods. Because the energy-consumption using
membranes are different for each different process, we focus on two processes where energy-
savings can be achieved, i.e. separation of alkane-alkene mixtures using facilitated transport
membranes and the use of membranes for hydrogen recovery.
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Alkane-Alkylene separation
The conventional process for alkane-alkylene separation is distillation. A couple of years ago,
micro-filtration membranes were introduced in this separation. The use of micro-filtration
membranes in the alkane-alkylene separation is almost in the commercial phase, however chemical
companies still do not consider it to be proven technology [Meindersma,1996]. Therefore, the
expectations are that the real application of membrane technology substitution will start in sectors
that produce high value added products (e.g. pharmaceuticals) [Smit et al.,1994].A relatively new
method is using facilitated transport membranes. The basic principle of the separation using these
membranes is that the molecules of interest are absorbed at the membrane, forming a complex.
This complex migrates through the membrane, thus separating the mixture. Smit et al. (1994)
compare the separation with membranes relative to the conventional cryogenic method. The
membrane that is examined is the so-called facilitated transport membrane, a membrane combining
high selectivity with high permeability. This membrane has been used by BP for complexing and
removing olefins from various feed streams [Barchas,1996]. The typical size of this kind of
membrane contactors is about 300 - 1500 m  [Barchas,1996]. BP has been using facilitated2

transport membranes in two different demonstration projects [Barchas,1996]. These projects were
considered successful, regarding the purity of the obtained products. Also calculations have been
performed on the economics of the process of ethylene recovery from ethylene oxide plant.
Results of these calculations can be found in Table 2.18. Another study examined potential
savings using a membrane system for refinery propylene upgrading. A conventional C  splitter3

(propylene recovery by means of distillation) was compared with a facilitated transport membrane
system. The results of this study can also be found in Table 2.18.

Table 2.18 Economics on the use of facilitated transport membranes for ethylene and propylene
recovery. The operating costs are given for the process with 70% ethylene recovery. Source:
[Barchas,1996].

Parameter Propylene upgrading C -splitter3

(propylene recovery with
membranes compared to
distillation)

Installed cost/tonne 460 ECU/tonne -15%

Operating cost/tonne 18 ECU/tonne.year -25%

Payback period 16 months n.a.

To calculate the investment costs Smit et al. (1994) use the following method; the compression
and separation sections of a steam cracker are assumed to be 55% of the total investments, being
55% of 517 ECU/tonne ethylene. The assumption is made, that the investments for a membrane
section will be 50% of the costs of a conventional section. For a total replacement of the
separation section in a steam cracker, the energy savings are expected to occur in the energy
needed for compression (50%) and in separation (80%). According to Meindersma [1996], it can
be expected that membrane separation units will be used in the side-stream of separations in
naphtha crackers. This stream would normally be transferred back to the cracker to separate the
remaining product. With a membrane separation unit in the side stream, this step would not be
necessary anymore. 
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The difference between Barchas (1996) and Smit et al. (1994) is probably due to the fact that
Barchas examines a total plant, where Smit et al. only replace the separation section of a cracker.

Table 2.19 The technical, economic and energy data on using facilitated transport membranes
for alkane-alkene separation. Data are for a cracker completely based on membrane separation.

1995 2000 2010

Technical Data
 Typical Size (t/yr)
  Life-time (yr) 3 3 5
  Construction (yr) 

Energy Data
 Fuel use (GJ/t) 56 56 56
 Electr. Use (GJe/t)
 Primary Energy (GJ/t)
 Savings (%) 8% 8% 8%

Economic Data
 Investments (ECU/t) 270 270 250
 Fixed O&M (ECU/t) 12 12 12
 Variable O&M (ECU/t)

Environmental Data
 CO2 emissions -8% -8% -8%
 SO2, NOx emissions -8% -8% -8%
 Other emissions n.a. n.a. n.a.

Capacity EU (t/yr) 0 n.a. n.a.
Capacity outside EU (t/yr) n.a. n.a.
Remarks (based on)

Hydrogen recovery

Hydrogen recovery is important in many (petro-)chemical processes. According to Spillman et
al. (1989), hydrogen recovery by use of membranes can be used for ammonia purge gas, refineries
and in the syngas production. Shaver et al. [1991] mention also nahphta crackers where
membranes could be used for hydrogen recovery. In this chapter, the membranes applications for
hydrogen recovery in the ammonia production process will be discussed.

Ammonia is typically produced by the reaction of hydrogen and nitrogen at high pressure and
temperature over a catalyst. Hydrogen feedstock is produced by steam reforming of natural gas
(see also section 2.4.1). Because the conversion rate in NH  synthesis is limited to 18-20%3

unreacted gases are recycled back to the feed to improve yields. To prevent build up of inert gases
and unreacted methane, gas is purged of. This purge gas contains valuable hydrogen, but
separation methods were considered too expensive [Spillman,1989]. The purge gas is usually used
as a fuel for the reformers. Membranes were demonstrated to provide a cost-effective separation
that results in energy-savings and capacity increase.
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Figure 2.2 Material flows in a single stage membrane.

The flow for the single-stage membrane process is given in Figure 2.2.

Hydrogen is recovered at relatively low pressures and has to be recompressed for the process.
From this figure, it can be concluded that membranes are likely to be very attractive competitors
if the feed is available at high pressure and the permeate can be tolerated at lower pressure [Koros
et al.,1993]. Schendel et al. compared the economic figures for a membrane based system with
cryogenic separation [Spillman et al.,1989]. They found that the investment costs were
comparable for both options ($1.35 million, for 450.000m /day separation), as well as were the3

hydrogen recovery rates. O&M costs were found lower in the membrane plant. Even though this
comparison is from 1983, the advantages of membranes were clear. Since then, the membrane
capital prices have dropped. Lower investment costs for a membrane based system have recently
been acknowledged by Koros et al (1993) and Meindersma (1996). An estimate of the costs
compared to cryogenic separation can be found in Table 2.20. Energy savings can be calculated
by comparing the hydrogen as a feedstock to hydrogen as a fuel. According to Meindersma
(1996) and Mulder (1996) the energy savings are in the same order as for alkane-alkylene
separation; about 5-10% if membranes are used for recovering hydrogen instead of using
hydrogen as fuel for the reformers, and in the future this percentage will probably increase.
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Table 2.20. The technical, economic and energy data on using membranes for hydrogen recovery
in ammonia plants. 

1995 2000 2010

Technical Data
 Typical Size (m /yr)3

  Life-time (yr)
  Construction (yr) 

Energy Data
 Fuel use (GJ/m )3

 Electr. Use (GJe/m )3

 Primary Energy (GJ/m )3

 Savings (%) 5 10 15

Economic Data
 Investments (ECU/m ¨day) 2.2 1.6 1.33

 Fixed O&M (ECU/m )3

 Variable O&M (ECU/m )3

Environmental Data
 CO2 emissions -5% -10% -15%
 SO2, NOx emissions -5% -10% -15%
 Other emissions

Capacity EU (t/yr) 0 n.a. n.a.
Capacity outside EU (t/yr) 0 n.a. n.a.
Remarks (based on)
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2.4.3 Freeze/Melt Crystallization

In many (petro-)chemical processes, distillation is used to separate and purify organic compounds.
Distillation, based on differences in boiling points, requires energy for heating to evaporate one
or more of the compounds. Crystallization (being melt or freeze) might be an energy efficient
separation methodology capable of producing ultra-pure materials (to 99.99% when using freeze
crystallization) [Ameslab,1996]. Regarding melt crystallization, the energy required for the
crystallization of a compound is about one third of the energy required to evaporate the product
and even less if the freeze crystallization method is used (5-15%) [Ameslab,1996]. Melt
crystallization was recognized as a laboratory standard for purification of organic compounds a
long time ago, but industrial use has only been developed in cases where conventional
technologies like distillation or extraction fail [De Goede,1993; De Beer et al., 1994;
Ameslab,1996]. In this description, the concept of melt-crystallization will be described. Although
freeze-crystallization has higher potentials on the long term, melt crystallization is the more
technically advanced process.

Melt-crystallization
De Goede (1993) distinguishes two principally different technologies, i.e. layer growth and
suspension growth melt-crystallization. In the layer growth process, crystallization takes place at
externally cooled surfaces until the mother liquid is sufficiently cleared. The mother liquid is
drained off through a filter and the crystal layer is melted. This method is already proven
technology, due to the simplicity of the process and easy scale up possibilities. Suspension growth
is not a proven technology, because there is a lack of knowledge with regard to upscaling. In the
suspension growth process, crystal growth occurs in suspension. the separation of crystals and
liquid takes place by centrifuges or wash columns, where the latter is favoured for the purity of
the product. In suspension, more crystal surface area is available for crystal growth than in the
layer growth process, so that higher yields are expected.

The process with the highest energy saving potential is suspension growth with column
separation. The concept is to form a crystal phase by cooling, and subsequent transport of the
crystals through a counter-current stream of the pure compound in liquid form, which purifies the
crystals. Reaching the bottom of the column, the crystals melt and the pure product leaves the
column. The mother liquid is drained off through a filter at the top of the column. The techniques
are feasible for many organic compounds, of which in table 2.20 the most important are
mentioned, as well as the estimated production volumes and primary energy demand.
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Table 2.21 The most important organic compounds where crystallization can be used for
separation, as well as the production volume and primary energy-demand in the EU in 1989.
[CEFIC,1991; March,1991].

Product Production Estimated primary
volume in energy demand in PJ
EU-12 (percentage of total EU
(ktonne/year) energy consumption)

Benzene 5510 352 (0.8)

Styrene 3000 27 (0.1)a

Phenol 1168b

Caprolactam 176c

Dimethylterephtalate n.a. n.a.
(DMT)

Notes: a. EU-12, source [Worrell et al.,1994]; b. Only Germany, France, UK, Luxembourg, Portugal, Italy and
Spain, 1990 figures; c. EU-15, excluding Belgium, Austria, Greece and Ireland.

Research to promote application of melt crystallization on an industrial scale, partly financed by
JOULE, takes place at TNO-IMET in The Netherlands. For several compounds, the processes
as described above have been proven on laboratory and pilot-plant scale. Upscaling has still to be
done. For every possible application, the conditions for a melt crystallization process have to be
determined. The development of melt crystallization processes for benzene and styrene on a
commercial scale will at least take 10 years [Smit et al.,1994]. According to Bruinsma (1996), the
expectations of the implementation of crystallization processes on energy-use are too high. From
research on phenol, the expected savings in energy-use of about 30% compared to distillation
seemed to be only between 0 and 5% [Bruinsma,1996]. This figure is also expected for most of
the other compounds. Nienoord (1996) states that the savings for some products as Phenol will
be lower than expected, but for other products the savings can be higher.

The difference between the energy use of distillation and melt-crystallization is the replacement
of thermal energy (steam) required for distillation by cooling power for crystallization. The
application of melt-crystallization instead of distillation (total replacement) for the production of
benzene results in a reduction of 1.0 GJ/tonne, and for styrene of 2.0 GJ/tonne. However,
complete replacement of distillation by melt-crystallization cannot be expected before 2010,
because incorporation of melt crystallization in conventional separation trains cannot totally
replace the distillation. The potential energy savings in 2000 are expected to be 0.4 GJ/tonne for
benzene, and 0.8 GJ/tonne for styrene. In 2010, more of the conventional separation train can be
converted to crystallization, so the savings will increase another 0.4 GJ/tonne for benzene and 0.8
GJ/tonne for styrene. Only in the production of dimethylterephtalaat (DMT) a complete
replacement can take place before 2010. The energy-savings for DMT-production will be 4.6
GJ/tonne. The problem for all crystallization processes is, that not all product can be crystallized
in one step, so the energy-savings will probably be less [De Goede,1993]. 
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There is little certainty about the actual investment-costs for melt-crystallization. In general, an
installation that generates cooling power is more expensive than an installation that generates
steam [Nienoord,1989]. The production of benzene and styrene using melt-crystallization will
probably be more expensive than a distillation column. Smit et al give a relative comparison for
the production of benzene and styrene between distillation and melt-crystallization, based on Perry
(1984). These results are summarized in Table 2.22.

Table 2.22 Melt crystallization. The energy data consist of the figures for benzene, being the fuel
use, excluding feedstock. The energy use is calculated using the assumption that crystallization
can take place in one step. The economic data are relative to distillation (distillation is 1), based
on Smit et al. (1994).
 

1995 2000 2010

Technical Data
 Typical Size (t/yr)
  Life-time (yr) 25 25 25
  Construction (yr) 3 3 3

Energy Data 
 Fuel use (GJ/thm)
 Electr. Use (GJe/t)
 Primary Energy (GJ/t)
 Savings (%)

1.5 1.1 0.7

27% 50%

Economic Data
 Investments (ECU/t) 1 0.8-1.7 0.8-1.7
 Fixed O&M (ECU/t) 1 1 1
 Variable O&M (ECU/t) 1 1 1

Environmental Data
 CO2 emissions -27% -50%
 SO2, NOx emissions -27% -50%
 Other emissions

Capacity EU (t/yr) n.a. n.a.
Capacity outside EU (t/yr) n.a. n.a.
Remarks (based on)

distillation melt-crystallization melt-crystallization
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2.4.4 Batch Process Integration

Process integration is a common design and analysis tool in the chemical industries. Developed
since the early 1970's it is now an established methodology for continuous processes
[Linnhoff,1992]. The methodology involves the linking of hot and cold streams in a process in the
thermodynamic optimal way (i.e. not over the so-called ‘pinch’). In continuous processes the heat
loads and demands are also continuous. However, the methodology is not suitable for batch
processes, as heat loads and demands vary over time. Batch processes may also require an energy
storage function to cover the time differences between supply and demand of the various
processes/unit operations. The development and application of process integration methodologies
for batch processes has therefore been identified as an important research area [Caddet,1993a].

Although it is possible to use time-averages of the heat flows (like in continuous processes) the
time-dependent nature of the batch processes makes it necessary to schedule batch heat sources
and sinks to be available at the same time, or to incorporate heat storage. Research is executed
to develop calculation procedures to optimise process schedules to maximise the heat recovery
[Ashton,1993], and to design the optimal design of heat storage systems [Stoltze et al.,1993;
Uhlemann et al.,1996]. Economics make rescheduling the most attractive option, because heat
storage is usually expensive and the storage results in an efficiency penalty [Kemp and
Deakin,1989]. However, rescheduling is not always possible due to production organisation and
management, and product quality demand. A case study of the options in a specialty chemicals
plant in the UK showed the different possibilities. Due to the process lay out and operation direct
heat exchange through rescheduling alone would not result in maximum heat recover.
Rescheduling would result in a  saving of 12% [Kemp and Deakin,1989]. Heat storage might
result in savings of 28% [Kemp and Deakin,1989]. An optimal design was found, including as
much as direct heat exchange as possible (12% savings), while limiting the heat storage capacity
(and hence costs) to savings of  16% [Kemp and Deakin,1989].

Currently, hot water is the preferred storage medium. Insulated water tanks and extra heat
exchangers do need to be installed. In process integration studies the number of storage tanks
should be limited to a minimum to reduce capital costs. Studies showed that often it is possible
to limit the storage capacity to two or three tanks, limiting the pay back period of the investments
to approximately 4 years [Stoltze et al.,1993]. Development of improved and less costly storage
technologies is needed to reduce the costs further.

It is generally not possible to extrapolate findings of one plant to another, due to the plant specific
circumstances and possibilities. However, it is possible to give a rough estimate of the energy
savings potential on the basis of case studies. Case studies executed in the United Kingdom
[ETSU,1994b] are used in this study. 

The most important sub-sectors in which batch processes are used are the pharmaceutical, resins,
dyes and paint manufacturing industries. On the basis of energy consumption in The Netherlands
(15 PJ, or 4% of the total fuel consumption in the chemical industry [De Beer et al.,1994]) and
the UK (26 PJ, or 8% [ETSU,1994]) the energy consumption in the EU-15 in these subs-sectors
is estimated at 210 PJ in 1990 (approximately 6%).
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An UK case study in the pharmaceutical industry estimated a 15-30% technical savings potential
on process energy [ETSU,1994b], with specific capital costs estimated at 8.8-12 £/GJ (equivalent
to 11-15 ECU/GJ-saved). Another case study in a resins plant estimated a technical savings
potential of 12% on process energy [ETSU,1994b], and investments estimated at 5 £/GJ
(equivalent to 6 ECU/GJ). Of the technical potential, measures saving 8% have been
recommended to be implemented, of which 3%-points with a simple payback period of less than
1 year [Ashton,1993]. In a pigment plant a process integration study resulted in estimated savings
of 20% [Ashton,1993], including heat storage. 

In Table 2.23 the estimated results are presented. The savings potentials are applicable to the
energy consumption of a number of chemical sub-sectors, i.e. pharmaceuticals, resins, paints and
dyes. Detailed breakdown on process energy use in the individual member states was not available
for this study, but is estimated to be around 210 PJ in the EU-15. We will assume that the costs
of heat storage and heat exchanger equipment will decrease in the period till the year 2010.
Assuming, that measures will be implemented with a payback period of 4 years or less, we
estimate the potentials and the capital costs at 10 ECU/GJ-saved.

Table 2.23. Summary of input data for Batch process integration for the ATLAS-project. The
energy savings are valid for the pharmaceutical, resins, paints and dyes industries, and
estimated on the basis of UK case studies.

1995 2000 2010

Technical Data
 Typical Size (t/yr)
  Life-time (yr) 10 10 10
  Construction (yr) 1 1 1

Energy Data
 Fuel use (GJ/t) n.a. n.a. n.a.
 Elect. Use (GJ/t) n.a. n.a. n.a.
 Primary Energy (GJ/t) n.a. n.a. n.a.
 Savings (%) 8% 12% 18%

Economic Data
 Investments (ECU/GJ) 10 10 10
 Fixed O&M (ECU/GJ) 0.5 0.5 0.5
 Variable O&M (ECU/GJ)

Environmental Data
 CO2 emissions -8% -12% -18%
 SO2, NOx emissions -8% -12% -18%
 Other emissions n.a. n.a. n.a.

Capacity EU (Mtonne) n.a. n.a.
Capacity outside EU n.a. n.a.
Total savings EU-15 (PJ) 17 25 38 
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2.5 Building Materials / Non-Metallic Minerals

The building materials and non-metallic minerals industry (NACE 26) comprises a wide range of
products that are mostly used in the construction industry. Therefore, production levels follow
closely the construction activity and economic development. Due to the density of most of the
products transport over long distances is less common, reducing competition with Japan and the
USA and making it an European market. Table 2.24 presents a short overview of the main
products of the sector in the European Union. The main products from the energy point-of-view
are cement, bricks and tiles, glass and ceramic products. 

Cement is produced in two steps. In the first energy intensive step lime stone is burnt to produce
clinker. In the second step clinker is ground and mixed with additives (gypsum, fly-ash, blast
furnace slags). Cement is produced in all EU member states and comprises around 140 companies
with over 300 plants in the EU-15 [Eurostat,1995]. The production structure, expressed as the
ratio of clinker and cement production, varies widely among the EU member states as does the
energy efficiency [Worrell et al.,1994].

The most important clay products are bricks and tiles, and are produced in all member states. The
1993 EU production is estimated at 44 Mm3 bricks and 140 Mm2 roof tiles [Eurostat,1995]. The
products are made from locally quarried clay (mixed with sand and additives) that are formed,
dried, and subsequently baked at high temperatures. This sector is characterized by a large number
of SMEs, although some concentration is taking place, e.g. in The Netherlands and the United
Kingdom.

The EU is the world’s largest glass producer, with a total production of nearly 23 Mtonnes in
1993 [Eurostat,1995]. The main products are container glass (bottles), flat glass and others
(fibres, tableware). Glass is produced by burning a mixture of silica, limestone, dolomite and soda
ash with additives, as well as waste glass cullets, at high temperatures and subsequently forming.
The glass industry is growing in the EU. Relative large shares of waste glass are collected and
recycled, varying from 29% in Spain and Greece, to 76% in The Netherlands [Eurostat,1995].

The ceramic goods industry produces a wide variety of products, from tiles and sanitary ware to
refractories and advanced ceramics. Production (in economic terms) has been growing rapidly
over the past decades. The most important EU producers are Germany, Italy, Spain and the
United Kingdom. The process includes raw material preparation (mixing, refining, grinding),
forming and drying, followed by baking at high temperatures and finishing. Large differences exist
in the technical state-of-the-art between companies.
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Table 2.24. Production and energy consumption in the major building materials industries in
the EU. The values represent the EU-12 and are estimates based on various sources. The
financial output (production value) is presented for 1993 [Eurostat,1995] and as share of total
production value of the total building materials sector (in % between brackets).

Sector Financial Physical Primary Energy
Output 1993 Production Consumption 
(MECU) 1990 (PJ)

Cement 13643 (16%) 172 Mtonnes 665

Bricks and tiles  5917 (7%)  48 Mtonnes 134

Glass 21094 (24%)  20 Mtonnes 182

Ceramic goods 15575 (18%)   n.a. 120

Concrete 28054 (32%)   n.a. n.a.

Others  2630 (3%)   n.a. n.a.

In the technology descriptions we focus on the major energy consuming sub-sectors and
processes. 
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2.5.1 Roller Kiln (Bricks, Tiles and Ceramics) 

Bricks, tiles and other ceramics are baked from clay. The clay is formed, dried and then baked.
Previously flame and ring-kilns were used with long production cycles (upto 14 days). Today the
most common process are tunnel kilns. Tunnel kilns have a relative short production cycle of 75-
140 hours. The firing process in the tunnel kiln is automated, and consists of three zones through
which the bricks 'travel': preheating, baking and cooling.

A new technology is the rapid firing technology for bricks and tiles, called the roller kiln. In the
rapid firing process the clay is prepared dry with appropriate additives to maintain the forming and
baking characteristics required [Tomasseti,1995b]. The amount of water is thus reduced to 6-8%
(compared to 18-20% in the current process). The fired products are transported on refractory
rollers, rather than on lorries. A roller kiln makes it possible to reduce the heating time (to
approximately 8-9 hours [Tomasseti,1995b] and use shorter firing curves. The flue gas volumes
in the roller kilns are lower, compared to the tunnel kiln, hence reducing the heat losses
[Elmi,1993]. This reduces not only the heat demand, but also the power consumption for the air
circulation. R&D is now directed at the construction of a kiln with a good air circulation and at
ensuring a good product quality (of the bricks). The applicability of the technology for the
different types of bricks should also be demonstrated, before implementation is feasible
[Elmi,1993].

The roller kiln is now demonstrated in the ceramic industries (sanitaryware) and in brick
manufacture. In The Netherlands a roller kiln is demonstrated for sanitaryware [Caddet,1993b].
The kiln reduced the energy consumption with 60% relative to the previous used tunnel kiln, and
reduced the specific energy consumption to 4.15 GJ/tonne product [Caddet,1993b]. The perform-
ance can even be further improved by heat recovery from the flue gases. The technology is under
investigation for more massive products like tiles and bricks. In Italy a new plant produces 50,000
lightened and specially shaped bricks per day using the rapid firing technology. The plant is
designed to consume 1.4 GJ/tonne [Tomasseti,1995b]. Initially it consumed 1.6 GJ/tonne and the
performance has been improving considerably since [Tomasseti,1995b].

Total bricks production in the EU-12 is estimated at 48 Mtonnes (1985)  [Worrell et al.,1994],
and consumes approximately 121 PJ fuel and 12 PJ electricity [Cadem,1992], equivalent to
approximately 151 PJ primary energy. Market penetration in the EU, after demonstration, will
depend strongly on the competition of modern tunnel kilns and on the investment budgets of the
companies. In principal approximately 90-95% of the bricks can be produced in roller kilns. The
remainder of the bricks are produced in specialized production facilities (bricks for restoration
purposes etc.).

The energy parameters for a modern tunnel kiln are estimated on basis of [Castro,1992] and for
the roller kiln on basis of the Italian plant [Tomasseti,1995b]. The average specific energy
consumption for bricks production is estimated at 2.8 GJ/tonne [Worrell et al.,1994; Zwan,1994],
but may vary per country and product type [Cadem,1992]. Assuming electricity consumption
equivalent to a modern process (0.11 GJe/tonne [Castro,1992]) the average energy savings are
estimated to be 40% in 2010 relative to the 1990 situation. The amount of waste heat is reduced,
although it is not clear to what extent the energy balance of the plant is changed (with regard to
the drying section). Due to the reduced moisture content less energy is need in the drying section.
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The total energy consumption might depend on the brick type (massive, hollow) and the type of
clay used.

Investment costs for a roller kiln with a capacity of 50,000 tonnes/year are estimated at 400,000
ECU [Tomasseti,1995b], while the maintenance costs are lower for a roller kiln. However, the
total production costs are assumed to be equivalent to those of a modern tunnel kiln [Tomasseti,
1995b]. For bricks two plants are in operation in the EU (Italy and Germany) while two are
constructed in other countries (Indonesia and Mexico).

Table 2.25 Summary of input data for Rapid Firing Roller Kiln technology for the ATLAS-
project [Tomasseti,1995b; Elmi,1993]. The energy savings are estimated relative to the EU-12
average energy consumption. Electricity generation efficiency is assumed to be 40%. 

1995 2000 2010

Technical Data
 Typical Size (t/yr) 50,000 50,000 50,000
  Life-time (yr) 20 20 20
  Construction (yr) 1 1 1

Energy Data
 Fuel use (GJ/t) 1.6 1.5 1.4
 Electr. Use (GJe/t) 0.1 0.1 0.1
 Primary Energy (GJ/t) 1.9 1.8 1.7
 Savings (%) 32% 36% 40%

Economic Data
 Investments (ECU/t) 90 90 80
 Fixed O&M (ECU/t) reduced reduced reduced
 Variable O&M (ECU/t)

Environmental Data
 CO2 emissions -32% -36% -40%
 SO2, NOx emissions -32% -36% -40%
 Other emissions n.a. n.a n.a.

Capacity EU (t/y) 100,000 n.a. n.a.
Capacity outside EU (t/y) 100,000 n.a. n.a.
Remarks
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2.5.2 New Grinding Technologies

The production processes in the manufacture of building materials  are mainly based on heating
the raw materials in kilns. In general, the processes in the kilns are the most energy intensive
processes in this sector. However, the production of powders, either from the raw materials
before the process in the kiln or from the product from the kiln, is important in the building
materials sector. Mixing, grinding and milling machines are the major electricity consumers in this
sector. The presently used grinding and milling machines are ball mills and roller mills, which are
very energy inefficient. Over 95% of the energy input to the machines ends up as waste heat,
whereas only 1 to 2% of the input power is used to create new surface (the objective of grinding
and milling) [Venkateswaran and Lowitt,1988]. After milling, separators (classifiers) are used to
distinguish between particles that are fine enough and coarse particles that have to be recycled to
the mill for a second comminution. However, conventional classifiers typically recycle as much
as 60% of product-quality fines back to the mill. This results in overgrinding, which increases
energy use [Venkateswaran and Lowitt,1988].
 
We focus on the major material streams (production volume) as an example for the building
materials sector, e.g. cement production. Currently about 60% of the raw materials in cement
production are ground using ball mills, while high pressure processes are not yet used much in the
European Union [COWIconsult,1992]. Grinding of raw materials uses approximately 16-22
kWh/tonne. Final product (cement) grinding technology is reasonably efficient with 80% of the
capacity being ball mills (high efficiency or with a separator), although the most efficient process
on the market (combined roller press and ball mill) was only applied for 5% of the capacity
[COWIconsult,1992]. The electricity consumption of finished Portland cement (depending
strongly on fineness material) is estimated at 28-55 kWh/tonne [COWIconsult,1992]. Additives
are ground as well and consume approximately 52 kWh/tonne [Patzelt,1993]. With production
of 138 Mtonne Clinker, 172 Mtonne cement and consumption of 43 Mtonne additives
[COWIconsult,1992] electricity consumption in the EU-15 can be estimated at 15 TWh.

State of development
We will focus the technology description on technologies near to the demonstration phase, e.g.
the opposed jet mill and technologies like differential grinding that still need more demonstration
and adaptations to installations when implemented. R&TD mainly takes place in Europe
(Cementir, Italy; KHD, Germany; Oy Finnpulva Ab, Finland) and Japan (IHI, Osaka Cement). 
An efficiency increase of 10% can be achieved when a roller mill, combined with a high pressure
roller mill for pregrinding, is used. An additional efficiency increase of 8% should be possible
when high-efficiency classifiers are used. Differential grinding, i.e. separate grinding of different
raw materials instead of 'mixed grinding', can reduce power requirement by approximately 10%,
and reduce fuel consumption of kilns due to better properties of the resulting particles [Venkates-
waran and Lowitt,1988]. 

On the long term further efficiency improvements can be expected when non-mechanical 'milling'
technologies, based on ultrasound [Suzuki et al.,1993], lasers, thermal shock, electrical shock or
cryogenics, become available [OTA,1993]. Non-mechanical grinding techniques are not
demonstrated yet and we assume that they will not be commercially available on the short term.
R&D efforts are needed in order to develop non-mechanical grinding, because until now these
options are mainly based on theory.
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A completely new milling technique, for the production of ultra fine powders, is the opposed jet
mill. In the opposed jet mill system the particles to be ground are accelerated to a high velocity
in opposed jets by using compressed air. These jets are directed to a small space, where the
particles collide and this collision is the main contributor to the grinding process. After the
grinding the kinetic energy of the carrier gas (air) and the solid material is utilized in the classifier
to separate the coarse and fine fractions by using centrifugal forces. Energy savings of 50-70%
compared to conventional jet milling are reported [Caddet,1992] for ultrafine materials. The
opposed jet mill technique has been demonstrated for several products, including blast furnace
slag. Further demonstration is needed for mineral materials to prove feasibility in the building
materials sector.

In theory energy consumption can be reduced with 90%. In this study we analyse the potentials
on the medium term (i.e. 2010). Energy efficiency potentials will depend on the technology. State
of the art measures (pregrinding and high efficiency classifiers), including differential grinding are
implemented, constitute a saving on electricity consumption of about 25% in 2010, compared to
the current situation (see Table 2.25). This represents total electricity savings of approximately
4 TWO (assuming the 1990 production volumes). On the longer term savings are feasible of upto
40-50% using high pressure comminution systems [Battersby et al.,1993]. The jet mill, which
produces ultra fine powder, will not be used in the cement industry, but is likely to be applicable
for the fine ceramics industry, and other mineral industries, and reach savings in the same order
[Caddet,1992]. It should be noted that the results are only presented for cement production.
However, grinding technologies are used in many industrial sectors, e.g. other building materials
and minerals, mining, food and some chemical industries, where likely similar savings can be
achieved.

The economics of installing new equipment depend strongly on the way the new grinding plant
is integrated within the total plant, e.g. total new or expansion of existing grinding lines (as
pregrinding). For new plants installing new pressure crushers is often more economical [Battersby
et al.,1993]. Although the investments are not lower, the overall installed costs are lower due to
lower civil construction costs (smaller sized equipment). On the basis of a modern roller press
installed in France we estimate the investments at 13-20 ECU/tonne-capacity [AFME,1990]. We
assume that state of the art milling technology is not more expensive than existing milling
technology. For the opposed jet mill the investment costs are 40% lower than for conventional
micronizing technologies [Caddet,1992]. The ATLAS technology characteristics are presented
in Table 2.26.
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Table 2.26. Summary of input data for new grinding technologies for the ATLAS-project. The
energy savings are estimated relative to the EU-12 average energy consumption for cement
production. Electricity generation efficiency is assumed to be 40%. 

1995 2000 2010

Technical Data
 Typical Size (t/yr) <500,000 <500,000 <500,000
  Life-time (yr) 20 20 20
  Construction (yr) 1 1 1

Energy Data
 Fuel use (GJ/t) 0 0 0
 Electr. Use (GJe/t) 0.07- 0.2 0.06-0.17 0.05-0.15
 Primary Energy (GJ/t) 0.2-0.5 0.2-0.4 0.1-0.4
 Savings (%) 10% 15% 25%

Economic Data
 Investments (ECU/t) 13 - 20 13 - 20 13 - 20
 Fixed O&M (ECU/t) reduced reduced reduced
 Variable O&M (ECU/t)

Environmental Data
 CO2 emissions -10% -15% -25%
 SO2, NOx emissions -10% -15% -25%
 Other emissions n.a. n.a n.a.

Capacity EU (%) 5% of capacity n.a. n.a.
Capacity outside EU n.a n.a. n.a.
Remarks



50

2.6 Textile Industries

The textile industry (NACE 17/18) covers the preparation, spinning, weaving, and knitting of
synthetic (e.g. nylon, polyester), cellulosic (e.g. viscoses) and natural fibres (e.g. cotton, wool),
as well as finishing (e.g. dyeing) and manufacture of carpets. It produces the intermediate
products for the clothing industry and industrial textiles, as well as final products (e.g. household
textiles). The production value of the textile industry currently equals approximately 92 Billion
ECU, after a collapse due to the economic downturn in Europe and export markets. The EU is
the largest textile producer in the industrialized world, producing more than the USA and Japan.
With the falling output employment has declined as well, and now approximates 1.27 Million
people [Eurostat,1995]. The future of the textile industry looks brighter, as the positive economic
development in the EU will lead to increased consumption. However, the lifting of trade
restrictions in the near future will strengthen competition and lead to decreased production
volumes, especially for the labour intensive sub-sectors, i.e. knitting. 

Although the sector consists of thousands of enterprises (of which a large number of SME’s), the
European textile industry is strongly concentrated in several regions. Nationally the largest textile
producers are Italy, Germany, France and the UK. The largest EU companies are located in the
UK, Belgium, France and Italy. However, from the perspective of European cohesion it is
important to note that the regional concentration is far more important. Textile production is
mainly concentrated in Lombardy (Italy), Cataluna (Spain), Norte (Portugal), Baden-Würtemberg
and Nordrhein-Westfalen (Germany). Especially in the Southern member states over 30% of the
employment in the regions is generated by the textile industry [Eurostat,1995].

The production process consists of a number of unit operations. Starting with cleaning of the raw
materials the fibres can be chemically pre-treated to improve the processing, as well as dyed. The
textile fibres can then be knitted or woven to intermediate or final products. Processes are
categorized in the nature of the yarn (being wool, cotton, silk, man-made fibres and other natural
fibres), as well as in 7 main processes and several sub-processes. Main processes are preparation,
spinning, weaving, knitting, finishing, carpets and some miscellaneous processes. Investments in
new machinery in the past decades has lead to increased productivity in the period 1984-1993.
For example, 65% of the weaving machinery in the EU are modern shuttleless looms
[Eurostat,1995], while the number of open-end rotors for spinning increased in the EU. The lower
penetration of open-end rotors compared to other regions is due to the importance of wool
production in the EU.

Energy consumption in the EU-12 textile industry (including leather industries) is estimated at
219 PJ fuel and 124 PJe electricity [IEA,1991]. No statistical information is available on the
further breakdown on community level, but approximately 70-80% of this energy consumption
can be accounted to textile industries [CEC,1992]. The largest energy consuming member states
are Italy, Germany, UK, France and Spain. Fuel is mainly used for process heating, drying and
space heating. A study in The Netherlands estimates the share of fuel used for process heating and
drying at 86% [De Beer et al.,1994]. Electricity is mainly used for machine drives (65%), fans
(12%) and lighting (12%) [De Beer et al.,1994].
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2.6.1 Steam Purge

Steam purge, applies to textile finishing, especially washing, blanching and dyeing, in all textile
categories. These three subprocesses account for 77 PJ fuel use per year in the EU-12 [CEC,
1992]. Despite the high expectations of up to 65% energy savings, steam purge has not been
introduced in the industrial process yet.

Process description
For the fabric to be correctly dyed, it has to come into contact with the press completely. Textile
fibres however, retain air bubbles which form difficulties in uniform dyeing. With the steam purge
system, the fabric passes through a steam chamber with closure input and output, as well as a
device to admit steam, distributing it from side to side and in the opposite direction to the
direction of the fabric. The steam replace the air in the textile fibres, and condenses when the
fabric is placed in a bath. The results of this process are similar to the results of vacuum
impregnation. This process results in dramatic improvements in impregnation, combined with a
large decrease in energy-use. The employment of a steam purge system in bleaching also improves
quality.

In a CEC-report [1992], the potential energy savings are estimated at 65% in the finishing
process. The maximum energetic potential is calculated using a technical and economic viability
percentage (60%) and by multiplying this figure with the potential energy savings of 65% [CEC,
1992]. A realistic penetration of 80% is assumed [CEC, 1992]. According to this method, the
maximum energy savings are 28 PJ, the realistic savings are assumed to be 22.4 PJ in 2010. In
2000, energy savings of 10 PJ would be possible. Because the textile industry produces different
products, per ton data are difficult to determine. Economic data are estimated to 122 million ECU
in 2010, to realize the calculated potential. The O&M fixed costs are assumed to be 5% of the
investment costs. The results are summarized in Table 2.27.
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Table 2.27. Summary of input data for the steam purge process for the ATLAS-project. The
energy savings are estimated relative to the EU-12 average energy consumption.

1995 2000 2010

Technical Data
 Typical Size (t/yr)
  Life-time (yr) 25 25
  Construction (yr) 2 2

Energy Data
 Fuel use (PJ) 77 67 54.6
 Electr. Use (PJe)
 Primary Energy (PJ) 77 67 54.6
 Savings (%) 13% 30%

Economic Data
 Investments (ECU/GJ) 7 5
 Fixed O&M (ECU/GJ) 0.35 0.25
 Variable O&M (ECU/GJ)

Environmental Data
 CO2 emissions -13% -30%
 SO2, NOx emissions -13% -30%
 Other emissions

Capacity EU (t/yr) 0 n.a. n.a.
Capacity outside EU (t/yr) 0 n.a. n.a.
Remarks (based on)

conventional process steam purge steam purge
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2. 7 Food and Beverage Industries

The food and beverage industries (NACE 15) include all processing activities involving food. Not
only products for final consumption, but also intermediate products for other sectors are
produced. The economic importance in terms of value added of the food, drink and tobacco
sector equals the importance of the chemical industries and the transport sector [Eurostat,1995].

Although the sector consists of about 250 thousands companies, there are only a few thousand
(1.7%) with 100 or more employees, which are responsible for  about two thirds of total turnover
[Eurostat,1995]. These companies are concentrated in the UK; 70% of the top ten EU companies
are British. The most important EU-16 countries contributing to this value added are Germany,
the UK, France, Spain and Italy. The last ten years, in nearly all countries restructuring of the
sector took place, aimed at increasing production efficiency and lowering production costs. This
resulted in replacement of labour with capital-intensive production techniques.

In general, the sector has reached an advanced level of saturation of demand, resulting in a modest
growth of less than 2% per year. Trade balance of EU-15 regarding the food sector is positive,
with 30% lower imports than exports. Total production in EU-15 is estimated at 472 Billion
ECU's in 1994 [Eurostat,1995]. Some figures on the most important sectors are given in Table
2.28.

Table 2.28. The most important industrial sectors in the food industries in EU-15 in 1993.
Source: [Eurostat,1995; CEC,1992b].

sector production primary energy
(million ECU) consumption

(PJ)

meat 79,675 n.a.

dairy 71,692 100

sugar 14*10  tonnes 1606

alcohol and spirits 13,487 n.a.

The meat sector is an important sector, with 18% of the production value in the food, beverages
and tobacco industries. From an energetic point of view, the most important sectors are the sugar
and the dairy sector. This is due to the importance of energy-intensive separation processes. In
the dairy industry, cheese whey concentration and milk concentration are important energy
consuming processes. The most important milk producing EU countries are France and Germany.
Total fuel consumption of the dairy sector is estimated at 100 PJ and power consumption at 8,000
GWh in 1990, with a total processed volume of 127,607 ktonne milk [CEC,1992b]. The sugar
industry has an estimated primary energy demand of 161 PJ [Worrell et al.,1994]. These energy
demands count together for less than 1% of total EU primary energy demand. The most important
energy consuming processes are separation processes, like evaporation, distillation and drying.
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2.7.1. Freeze Concentration

In the food industry, the most energy-intensive sectors are dairy and sugar [Novem, 1992]. Of
these two, the largest user of energy for concentration in the food sector is the dairy industry. In
this chapter we focus on the dairy sector. The main product and source of the dairy industry is
cows milk. The production of milk in EU-15 in 1994 is given in Table 2.29.

Table 2.29. Milk Processing in EU-15 in 1994[Counselor,1996].

Country Production
(ktonne)

Austria 3,220

Belgium/Luxembourg 3,533

Denmark 4,641

Finland 2,510

France 25,319

Germany 28,050

Greece 750

Ireland 5,606

Italy 10,180

the Netherlands 10,873

Norway 1,937

Portugal 1,424

Spain 6,000

Sweden 3,357

United Kingdom 14,920

Total 122,320

Total fuel consumption of the dairy sector is estimated at 100 PJ and power consumption at 8,000
GWh in 1990, with a total processed volume of 127,607 ktonne milk [CEC,1992]. Only a part
of this production has to be concentrated, but exact figures are not available. In the United States,
every year roughly a third of milk and whey production is converted to powdered products
[EPRI,1996]. As a first estimate, this fraction will be used for the EU-15 as well, which means
that approximately 40 Mtonne milk was converted to powdered products in 1994.

Freeze concentration
Because most liquid foods are sensitive to thermal treatment, concentration has to be done at low
process temperatures. Also important are a sterile environment and a selective dewatering i.e.
where all components but water should retain in the concentrate. Three concentration processes
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are technically feasible: evaporation, which is the conventional process,  reverse osmosis (see also
chapter 3) and freeze concentration. In the evaporation process, large amounts of energy are
needed and the quality of the concentrated product never equals the original quality, due to
thermal degradation and loss of aroma [Thijssen,1975]. In freeze concentration water is first
segregated from the aqueous solution by crystallization. The next stage is to separate the
concentrated liquid from the ice. The process is particularly suitable for the concentration of heat
sensitive liquid foods. Because the process takes place at low process temperatures (usually
between -3 C and -7 C), aroma losses can completely be avoided [Thijssen,1975; Rosen,1990].
Freeze concentration is a rather old technology, used on an industrial scale since the 1950s to
concentrate fruit juices, coffee extract, beer, wine and tea [Van Mil,1990; Rosen,1990]. Due to
high capital costs and a concentration of up to 55%, the use of freeze concentration in many
potential applications is limited. In the dairy industry, freeze concentration is not known to be
used nowadays.

The theoretical energy savings are given by the difference between the energy needed for the
crystallization and the evaporation of water. Crystallization requires 151kJ, where the evaporation
requires 1055kJ per kg water. Thus, energy savings of more than 80% are theoretically possible
if freeze concentration is used instead of evaporation. In practice, these savings will never be
reached.

Several freeze concentration systems are in use. The main commercial system is developed by
Grenco N.V., The Netherlands, now a subsidiary of Niro Inc. [Zhang,1996]. A single-stage plant,
installed in 1977, had a specific energy consumption (SEC) of 227 kWh/tonne water removed
[Van Mil,1990]. This energy consumption is more than the theoretic energy use of evaporation.
A five-stage plant, installed in 1988, has a SEC of about 60 kWh/tonne water removed [Van Mil,
1990]. This is 50% less than the theoretic minimum for evaporation. The use of multistage
operated plants reduces the energy requirements considerably.

The total costs of the freeze concentration process (including energy, capital and cleaning costs)
are estimated three to four times higher than evaporation [Van Mil,1990]. In 1975, some figures
are given on freeze concentration plants. The installed costs are dependent on method of the
cooling crystallizer (being indirect or direct with vapour compression). These figures are given
in Table 2.30.

Table 2.30. The capital costs for the installation of a freeze concentration system in Millions
ECU [Thijssen,1975].

Method of cooling Indirect Indirect Direct with vapour
crystallizer (capacity compression
in kg water/hr) (1000) (10,000) (10,000)

small series 0.4 2.5 1.6

large series 0.3 1.8 1.2

Since 1980, according to Webci and Wubo [1992], the capital costs for machinery in the dairy
industry have increased with 35%. However, freeze concentration was not on a large scale
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commercially used in 1975 in the food industry and the capital costs are expected to decrease in
the future. The expectation is that freeze concentration equipment will remain more expensive
than evaporation equipment [Van Mil,1990]. Current R&D focuses on lower cost concentration
processes and less energy use, by means of multi-layer freezing [Zhang,1996]. The main purpose
of R&D-activities is to achieve optimal heat balance conditions to get large, easily separated
crystals [Hartel,1993]. In the dairy industry, a multi-layer freezing system is expected to be
feasible for low concentration skim milk (10-17%) [Zhang,1996], with energy-savings of more
than 75% compared to evaporation [Van Mil,1980].

In Table 2.31 the results are summarized. The capital costs are based on a large plant (10,000 kg
water/hr), and they are built in large series. Compared to Table 2.30, the costs increased with
30%, based on Webci (1992) and the assumption that the total costs of a freeze concentration
installation will decrease due to further developments. 

Table 2.31 Summary of input data for freeze concentration technologies for the ATLAS-project.
The energy data are in MJ/tonne water removed. The energy savings are estimated relative to
the theoretic minimum required for evaporation.

1995 2000 2010

Technical Data
 Typical Size (t/yr) 1,000-10,000 1,000-10,000 1,000-10,000
 Life-time (yr) 25 25 25
 Construction (yr) 2 2 2

Energy Data
 Fuel use (MJ/tonne) 1055 1055
 Electr. Use (kWh/tonne) 60
 Primary Energy (MJ/tonne) 1055 1055 540
 Savings (%) 50%

Economic Data
 Investments (ECU/(kg 17 17 45
water/hr) removed) 1 n.a. n.a.
 Fixed O&M (ECU/t) 1 n.a. n.a.
 Variable O&M (ECU/t)

Environmental Data
 CO2 emissions -50%
 SO2, NOx emissions -50%
 Other emissions

Capacity EU (t/yr) 40,000 n.a. n.a.
Capacity outside EU (t/yr) n.a. n.a. n.a.
Remarks (based on) evaporation evaporation freeze

(theoretical) (theoretical) concentration
(multi stage)
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2.7.2 Membranes

A general introduction on membrane processes has been given in section 3.2. In this chapter we
will limit ourselves to membranes in the food and beverage industries. In these sectors membranes
are used to concentrate, fractionate and purify liquid products. In the food and beverage industry,
four types of membrane processes are important, being microfiltration (MF), ultrafiltration (UF),
nanofiltration (NF) and reverse osmosis (RO) [Dziezak,1990]. Gas separation is only used in the
fruit- and vegetable sector for packaging in a nitrogen atmosphere. The differences between the
used membrane methods are the separation capabilities due to size and molecular weight, although
the separation capabilities do overlap. To give an idea of the possibilities, an overview of the
different sectors is given, together with some potential applications. Due to the diverse activities
in the food industry, quantitative estimates of the potential capacities for membrane applications
per sector are difficult to give.

Table 2.32. Overview of potential membrane applications in the food industry. Source:
[Köseoglu et al.,1993; Maaskant et al.,1995].

Sector Applications Membrane
type

Dairy Cheese whey concentration RO
Milk concentration RO
Desalting of salt whey ED
Waste treatment UF
Egg concentration UF

Grain milling Waste water recovery and use UF
Recovery of by-products from waste UF
water

Beverage Cold stabilization of beer MF
Removal of color from wine UF
Removal of alcohol from beer and wine RO
Waste water treatment RO
Pretreatment of water RO

Fats and oils Waste water treatment RO

Sugar Preconcentration of dilute sugar UF
solutions UF
Syrup concentration UF/RO
Recovery of sugar from rinse water

Fruits and vegetables Concentration of tomato juice RO/UF
Waste water treatment RO
Concentrating juices RO/UF
Juice flavor and aroma concentration UF/RO



     In the US, more than 10,000 m  for the desalting of whey has already been installed [Maaskant1 2

et al.,1995].
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General estimates on energy savings for the total food, drink and tobacco industry using UF, PV
and RO are given by Eichhammer [1995]. In Table 2.33 estimates are given, using the assumption
that the total energy requirement for thermal separation processes in EU-16 that can be
substituted by membrane processes is about 89 PJ in 1990 [Eichhammer,1995].

Table 2.33. Estimates of the potential energy savings in the food, drink and tobacco industry in
EU-16 for UF, PV and RO. Source: [Eichhammer,1995].

process potential energy savings potential energy savings
(%) (PJ)

UltraFiltration 55 49

Reverse Osmosis 50 45

PerVaporation 55 49

Comparable figures are assumed to hold for MF and NF membranes. It is important to notice that
these potential energy savings cannot be added, but are alternatives. The choice depends on the
specific application (see Table 2.32). Table 2.33 shows that the potential energy savings in the
food and beverages industries using membrane techniques are estimated to be about 50%.

To give an impression of the possibilities in the various sectors, we will focus on the dairy and the
fruit and vegetables industry. The most important membrane using sector in the USA and
probably also in EU-15 is the dairy sector [Dziezak,1990]. Another sector with large potential
energy savings is the fruits and vegetables sector. The beverage sector is an important sector to
apply membranes, i.e. for the removal of alcohol from beer and the treatment of water, but this
application will decrease rapidly because of the possibility of producing beer without alcohol. In
the sugar sector, membranes are used in almost 20% of the potential applications in the
Netherlands. A growing implementation can be expected. In the dairy and fruits and vegetable
industries, membrane technology is considered proven in many applications. Research aims at new
applications, more efficient and longer lasting membranes.

Dairy industry
Worldwide, many thousands of m  membranes have been installed in the dairy industry [Tholen,2

1995]. It also is the sector with the longest history in the use of membranes. They are used for the
desalting of whey (NF) , the concentration of whey (RO), the conversion of milk into cheese and1

soft cheese and the preparation of egg white and egg yolk. Current developments in dairy industry
are the reduction of bacteria in milk and the clearing of dairy fluids. The application of membranes
in the dairy industry is considered to be in an important phase for implementation on a large scale.
The investment costs for installations in the dairy industry are estimated at 650-1500 ECU per m2

[Maaskant et al.,1995]. The costs for membranes in any industrial sector is estimated at 500-1500
ECU per m  [Maaskant et al.,1995]. 2
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Fruits and vegetables
Some demonstration projects in the fruits and vegetables have been carried out. For example in
Canada, at Golden Town Apple Products, a combination of ultrafiltration and reverse osmosis
was used for apple juice concentration [Caddet,1996]. In this process, the juice is heated to about
60 C and afterwards passed through the reverse osmosis membrane and the ultrafiltration
membrane. The system has a maximum capacity of 3,000 l/hr for feedstock, 1,500 l/hr for final
concentrate and 1,500 l/hr for water removed by reverse osmosis. It is most economical for small
systems that need to remove no more than 4,500 to 9,000 pounds of water an hour. The energy
savings are estimated to be 66% compared to an evaporation process, while the volume of the
equipment is reduced by 50% as are the transportation costs. The payback period of the combined
system is about 2.5 years [Caddet,1996]. Investment costs are estimated at 20 ECU/GJ.

Table 2.34. Summary of input data for the implementation of new membranes in the food
industry for the ATLAS-project. The energy savings are estimated using Eichhammer (1995) and
the case studies. Electricity generation efficiency is assumed to be 40%.

1995 2000 2010

Technical Data
 Typical Size (m )2

  Life-time (yr) 7 7 10
  Construction (yr) 1 1 1

Energy Data
 Fuel use (PJ) 89 28 0
 Electr. Use (PJe) 12 20
 Primary Energy (PJ) 89 58 49
 Savings (%) 35% 55%

Economic Data
 Investments (ECU/GJ-saved) 20 15
 Fixed O&M (ECU/GJ-saved) n.a. n.a. n.a.
 Variable O&M (ECU/GJ) n.a. n.a. n.a.

Environmental Data
 CO2 emissions -35% -35%
 SO2, NOx emissions -35% -35%
 Other emissions

Capacity EU (t/yr) n.a. n.a. n.a.
Capacity outside EU (t/yr) n.a. n.a. n.a.
Remarks (based on) conventional membranes membranes

seperation
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3. Cross-Cutting Technologies

3.1 Introduction

A number of general energy conversion technologies and end-uses can be distinguished in
industrial practices, such as steam raising, motive power, lighting and liquid/liquid separation.
Energy efficient improvement options that can be applied generally, or at least to a large number
of industrial branches, are called cross-cutting technologies (or horizontal technologies).
Correspondingly, two categories of cross-cutting energy efficiency improvement can be
distinguished, i.e. end-use technologies (section 3.2) and conversion technologies (section 3.3).

The most important cross-cutting technologies are motors and drives, boilers for steam or hot
water production, compressors, refrigeration, cooling and ventilation, lighting and office
technologies. It is estimated that roughly 50% of industrial energy use is consumed by cross-
cutting technologies [Blok et al.,1996]. Table 3.1 gives an overview of the most important cross-
cutting energy uses.

Table 3.1 Important unit operations and estimated energy saving potentials [Blok et al.,1996].

Cross-Cutting Energy use Estimated Estimated
Technology Share (%) savings savings

(%) (PJ)

Hot water and space heating 9.2 10-20 195

Steam generation 12.4 10-20 265

Low temperature process heat 4.2 20 120

Motive power 17.8 5-10 190

Lighting 1.6 40 90

Total 45.2 13 860

The following end-use technologies have been selected; variable speed drives (drives/motors),
process control and energy management, process integration and process intensification, reverse
osmosis, pervaporation (both membrane applications) and refrigeration. In section 3.3 we have
selected and described five cross-cutting conversion technologies which have been described in
more detail. These are respectively heat pumps to supply process heat (high temperature),
mechanical vapour recompression, organic rankine cycle, pre-coupled CHP and recuperative and
regenerative burners for furnaces and boilers.
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3.2. Cross-Cutting Technologies - End-Use

3.2.1. Process Control & Energy Management

Energy has currently a low priority in industrial management practices. Energy management
contains a large variety of measures; e.g. recognizing the importance of energy management,
planning, monitoring, and implementing optimal control strategies. Generally, no or low initial
costs are involved with these measures. We will focus on monitoring and energy management
technologies. However, it is stressed that training and motivation are important, if not essential,
measures in energy management, and should be an integral part of industrial energy management,
as well as introduction of new technologies. It is also stressed that many modern energy efficient
technologies depend heavily on precise control of process variables, e.g. strip casting in the steel
industry and process integration in the chemical industries. Application of process control systems
is growing rapidly, but still large potentials exist, especially for modern systems. Table 3.2. gives
an overview of some classes of (hardware) energy management systems (EMS).

Table 3.2 Classification of energy management systems and typical energy efficiency
improvement potentials. The estimated savings are valid for the specific application (e.g. lighting
energy use). The energy savings can not be added, due to overlapping of the systems.
Sources: [Aronsson & Nilsson,1996; Caffal,1995; De Beer et al., 1994; WEC,1995].

System Characteristics Typical energy savings 
(%)

Monitoring & Targeting dedicated systems for various typical savings 4-17%, ,
industries average 8% (UK)
well established in various [Caffall,1995]
countries e.g. UK, Netherlands

Computer Integrated improvement of overall economics > 2%
Manufacturing (CIM) of process, e.g.stocks, productivity

and energy

Process control moisture, oxygen and temperature typically 2-18% savings
control, air flow control
‘Knowledge based, fuzzy logic’

Variable speed drives electronic control to modify power typically 20-40%
input following load

Building management HVAC, temperature control typically 8-15%
energy systems

Lighting control Daylight dependent, time upto 20-70%
dependent, occupancy detection

Although, energy management systems are already widely disseminated in various industrial
sectors, the performance of the systems can still be improved, reducing costs and increasing
energy savings further. The RTD needs [Reay and Pilavachi,1989; Caocci et al.,1995] include
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various areas. Total site energy monitoring and management systems (as is demonstrated in a few
complex sites today [Kawano,1996]) that can increase the exchange of energy streams between
plants on one site. Traditionally, only one plant or a limited number of energy streams were
monitored and managed. New energy management systems that use artificial intelligence, fuzzy
logic, or rule-based systems will ‘mimic’ the ‘best’ controller, using monitoring data and learning
from previous experiences. A number of these systems have been installed in the cement industry
in Europe (leading to energy savings of 3% or more [Juijn,1994], but development of similar
systems for other applications is needed, e.g. furnaces in the chemical industry, glass industry,
foundries, and iron and steel industry. Process knowledge based systems (KBS) have been used
in design and diagnostics, but are hardly used in industrial processes. KBS incorporates scientific
and process information applying a reasoning process and rules in the management strategy [Reay
and Pilavachi,1989]. Other developments are aimed at process management in real-time, use of
neural networks, or managing the system under uncertainties (e.g. missing data through sensor
failure).

A separate but important area is the development of sensors, that are cheap (to install), reliable,
and analyse in real-time. Development aims at the use of optical, ultrasonic, acoustic, and
microwave systems, that should be resistant to aggressive environments (e.g. oxidizing in furnace
or chemicals in chemical processes) and withstand high temperatures. European R&D is strong
in the area of sensors, although lot of research efforts are ongoing in the USA and Japan as well.
Durst (1993) gives an overview of some important developments in the area of European sensor
R&D, e.g. low flow rate optical sensors, mass flow sensors for granular material, miniaturized
sensors and optical sensors for combustion control. Europe is a leader in the development of
advanced sensors [Durst,1993].

Applications of energy management systems in various development stages and types can be
found in all industrial sectors. The so-called ‘Best Practice Programme’ in the UK has
demonstrated EMS in may applications, e.g. self tuning of boilers, industrial furnaces and CHP
units, cement kilns, rolling mills, steel plants. Similar programmes in other countries (e.g. The
Netherlands) have also shown the possible widespread use of EMS in industry, e.g. in the
production of frozen food, starch, paper and board, and chemicals, as well as the bakery,
electronics and metal manufacturing industry.

Estimates of the energy savings have been presented in Table 3.2. Overall estimates of the
potential in industry are usually lower than 15% [ETSU,1994]. In our analysis we will assume
ongoing development of energy management systems, resulting in improved performance
(through better control strategies and improved and real-time information) as well as lower costs.
Estimating the specific costs of installing energy management systems is difficult. The pay back
of such a system is often not only influenced by energy savings, but more often the ‘non-energy’
benefits have a large impact (e.g. improved process throughput or product quality). Investment
costs vary typically between 0.5 and 30 ECU/GJ-saved [ETSU,1994], with pay back periods
mostly lower from 1 to 4 years [Caffal,1995] in industrial applications. The life-time of EMS is
dependent on the equipment for which it is used, and has been estimated at 15 years (on average)
for this study. The results are summarized in Table 3.3.
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Table 3.3 Summary of input data for energy management systems for the ATLAS-project. The
energy savings are estimated relative to the EU-15 and Norway industrial energy consumption
in 1990 (excl. feedstock use in the chemical industries). The total primary industrial energy use
is estimated at 17.3 EJ (1990). 

1995 2000 2010

Technical Data
 Typical Size n.a. n.a. n.a.
  Life-time (yr) 15 15 15
  Construction (yr) <1 <1 <1

Energy Data
 Fuel use (PJ) 430 690 1030
 Electr. Use (PJe) 150 240 360
 Primary Energy (PJ) 805 1290 1930
 Savings (%) 5% 8% 12%

Economic Data
 Investments (ECU/GJ) 1 - 30 1 - 30 1 - 20
 Fixed O&M (ECU/GJ) 0.2 0.2 0.2
 Variable O&M (ECU/GJ)

Environmental Data
 CO2 emissions -5% -8% -12%
 SO2, NOx emissions -5% -8% -12%
 Other emissions n.a. n.a n.a.

Capacity EU (%) n.a. n.a. n.a.
Capacity outside EU n.a. n.a. n.a.
Remarks
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3.2.2 Process Integration and Intensification

Process integration (PI) is a common design and analysis tool in the chemical industries.
Developed since the early 1970's it is now an established methodology for continuous processes
[Linnhoff,1992]. Over 500 companies worldwide use ‘pinch analysis’ or other process integration
tools [Caddet,1993a]. The methodology involves the linking of hot and cold streams in a process
in the thermodynamic optimal way (i.e. not over the so-called ‘pinch’). However, there are still
developments needed to improve the analysis tools as well as technologies to recover the waste
heat. Important areas are batch process integration (see section 2.4.4), methodological
incorporation of heat pumps [Franck et al.,1991], power consumption, and incorporating
minimization of water consumption and waste production [Rossiter et al.,1993; Smith,1993]. The
most common PI tool is the so-called ‘pinch analysis’, although many other tools are available
[Roeterink and Stikkelman,1995]. Some of these tools use the exergy concept to identify energy
losses. Pinch analysis can only be applied to optimise the heat exchanger network, hence exergy
analysis is complementary to pinch analysis to optimise the process, incorporating other energy
flows (e.g. fuels and electricity). 

Despite the high level of process integration and heat exchange in many existing plants further
opportunities do exist. However, the opportunities are defined by the impact on reliability,
flexibility, maintenance, as well as the costs of the designed heat exchanger networks (including
site lay-out). These barriers stress the needs for flexible PI-design tools and for cost effective heat
exchange equipment.

Process intensification can be an important means in reducing the costs of process integration, and
process performance. Process intensification is a design philosophy aiming at radical reductions
of the physical size of the process equipment [Mercer,1993]. These reductions can be in the
magnitude of a factor three to four. Because energy efficiency of a process is determined by the
ability to transfer heat in a cost-effective way, the design of processes using a small amount of
heat exchangers (using PI-studies) or using innovative heat exchanger designs [Polley,1993] (i.e.
compact heat exchangers). Heat transfer is related to the flow diameter; hence a small flow
diameter will lead to higher heat transfer. Thus, compact heat exchangers will perform better, as
being less expensive [Shah and Robertson,1993; ETSU,1994]. Traditional manufacturing
techniques prohibited new compact designs. Compact heat exchangers use ceramics, polymers
or new designs (e.g. printed circuit heat exchangers) [Shah and Robertson,1993] or multi-stream
heat exchangers [Polley,1993].

Further RTD in the development of PI-tools is needed in a number of areas, including simple data
collection of the process and identifying data needs in new process design, improved process
synthesis procedures, incorporating practical constraints in the optimisation (e.g. reliability,
flexibility, operability), and integrating equipment selection in the analysis tools (e.g. heat pumps),
as well as incorporating other environmental aspects in PI (e.g. waste minimization, water use
reduction, recycling) [Caddet,1993a]. There also exists a need for further dissemination of recent
developments in PI, as well as to industries that have not used PI until now. Especially large oil
refining and chemical industries have applied PI tools, whereas smaller companies (e.g. food and
beverages) have shown only limited application of PI tools [Caddet,1993a]. A large number of
barriers exist for companies not to use PI-tools [Caddet,1993a], e.g. prejudices towards PI, not
well known in industry, management culture. Therefore, analysis tools need to be demonstrated
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in various industrial sectors to improve dissemination (following the example of the extensive
programmes in the UK). 

Table 3.4 presents an overview of estimated energy savings in various sectors and applications.
Although, process integration can be used in all sectors where heat flows at various temperature
levels exist, we will limit the discussion to the most important application areas, i.e. chemical
industry, oil refining, and the food and beverage industries.

Table 3.4. Estimates of potential energy savings, and payback period, for various sectors and
applications, identified by process integration studies in the EU. The savings apply only to fuel
use (excl. Feedstocks in the chemical industry). Sources: [Caddet,1993a; Caddet, 1996; De Beer
et al., 1994; ETSU,1994].

Sector Process/Application Identified savings Simple 

(%) (Years)
Payback Period 

Oil Refineries Crude distillation 12% (UK) 1

CDU & HVU 17% (UK) <1
CDU, VDU & HDS 40% (not mentioned) n.a.
Overall 5% (Germany) <3

13% (UK) 2
19% (Sweden) 2
9% (Netherlands) 2

Chemical Industries Aromatics 10% (UK) 1
Ethylene amines 32% (Netherlands) 7
Cyclohexane 19% (UK) 2
Tar based chemicals 15% (UK) 1

Pigments 25% (UK) 3
Sulphur based chem. 42% (UK) 1
Synthetic fibers 2% (Netherlands) 1
Inorganic gases 13% (Netherlands) n.a.

4% (Netherlands) n.a.

Food & Beverage Brewery 7% (Netherlands) 6

Distillery 31% (Netherlands) 5

Dairy 6% (UK) 1

Sugar 9-23% (UK) n.a.
Beverages 17% (UK) 1

Preserved foods 18% (UK) 1
Starch 20% (Netherlands) n.a.

21% (UK) 1

24% (UK) 3

5-20% (UK) n.a.

21% (UK) 2
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Overall Oil refineries 10-20% (UK)
Chemical industries 10-20% (UK)
Food & Beverage 24-40% (UK)
Other 8-20% (UK)

The potentials identified in process integration studies vary typically between 10 and 35%
industry-wide [ETSU,1994], although smaller and higher potentials exist in individual plants and
applications. We will estimate the energy savings potentials based on Table 3.4. As most large oil
refineries and (petro-) chemical industries use PI-tools, the short term potentials are lower than
for other sectors, e.g. food and beverage and other industries (e.g. pulp and paper). For 2010 we
expect slightly higher potentials due to improved PI-tools (incorporating heat pumps and
electricity use) and cost reduction in heat exchanger development (by process intensification and
new heat exchanger designs). The savings are estimated on the basis of the fuel consumption in
each sector (excluding feedstock). The 1990 fuel consumption is given in Table 3.5

Table 3.5. Fuel consumption (1990) in the EU-15 and Norway in various sectors, excluding
feedstocks. Other sectors include the pulp and paper, textile and (partly) the metals industries.
Fuel use is based on [IEA,1991]. The estimated energy savings potentials are given as well. The
savings potential is a rough estimate based on studies performed in several EU countries (see
Table 3.4).

Sector Fuel use 1990 Potential Savings Potential Savings
(PJ) 1995-2000 (%) 2010 (%)

Oil Refineries 1372 8% 15%

Chemical Industries  1600 10% 15%

Food & Beverage 633 20% 30%

Other  1200 8% 15%

The PI-study costs are small (often smaller than 100.000 ECU per study). In Table 3.6 we present
the total costs of implementation, including study costs and capital costs of the heat exchanger
network. Each PI-study can result in various options for the heat exchanger network or
incorporation of other technologies, with varying costs. In general, the higher the identified energy
savings potential, the higher the capital costs. Therefore, implementing process integration does
not mean that the technical energy savings potential has been reached. In this study we will
assume that measures with a simple payback period of 2 to 6 years will be implemented, and
determine the potentials give in Table 3.5 and Table 3.6. It should be stressed that integrating
reduction of other emissions and water consumption in an PI-study might reduce the payback
period of the total project, especially on the long run as industrial water use might become more
expensive (e.g. as expected in The Netherlands).

The application of PI differs widely per EU member state, industrial (sub-) sector and individual
plant, therefore the figures in Table 3.6 are rough estimates of the EU wide potentials.
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Table 3.6 Summary of input data for process integration systems for the ATLAS-project. The
energy savings are estimated relative to the EU-15 and Norway industrial energy consumption
in 1990 (excl. feedstock use in the chemical industries). The savings are expressed as percentage
of the fuel use in the sectors (see Table 3.5). 

1995 2000 2010

Technical Data
 Typical Size n.a. n.a. n.a.
  Life-time (yr) 15 15 15
  Construction (yr) <1 <1 <1

Energy Data
 Fuel use (PJ) 490 490 820
 Electr. Use (PJe) n.a. n.a. n.a.
 Primary Energy (PJ) 490 490 820
 Savings (%) 10% 10% 17%

Economic Data
 Investments (ECU/GJ) 8 - 24 8 - 24 8 - 30
 Fixed O&M (ECU/GJ) 0.4- 1.2 0.4 - 1.2 0.4 - 1.0
 Variable O&M (ECU/GJ)

Environmental Data
 CO2 emissions -10% -10% -17%
 SO2, NOx emissions -10% -10% -17%
 Other emissions n.a. n.a n.a.

Capacity EU n.a. n.a. n.a.
Capacity outside EU n.a. n.a. n.a.
Remarks
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3.2.3. Electric Motors - Adjustable Speed Drives

The end-use of electricity in the industry can be categorized into four main groups: drive-power
systems, lighting, electrolysis and miscellaneous. Total electricity consumption in the EU-15 and
Norwegian industry is estimated at 6.6 EJ  (or 1840 TWh) [IEA,1991].  Drive-power systems aree

by far the largest electricity consumers. Their estimated share in the industrial electricity
consumption varies from 60% in Sweden [Larson et al.,1989] to 73% in the UK [ETSU,1994].
A recent study [Hein et al.,1996] gives estimates for electricity consumption by motors in various
sectors in four member states. Motors were responsible for 30% of the electricity consumption
in the basic metals industry, to nearly 80% in the building materials industry [Hein et al.,1996].
The main applications are pumping (30% of industrial electricity consumption in UK), fans (20%),
compressors (15%), conveyor systems (8%) and machinery drives (17%) [ETSU,1994].

Apart from an electric motor a drive-power system consists of a number of other components.
Depending on the function of the system the following components can be considered: pumps,
fans, compressors, piping and ducting, adjustable-speed drives, and machine tools. Each
component is available in various designs and influences the performance of the system. Electric
motors are classified as direct current (DC), alternating current (AC) synchronous, or AC-
induction type. In the industry the AC-induction motor of the squirrel type has the largest installed
capacity. This is because of their simple and solid construction, resulting in low capital and
maintenance costs. Therefore we will focus on this type of electric motor.

The energy losses that occur in an electric motor can be categorized as conduction, magnetic
core, friction and windage, and stray losses. Friction and windage losses and core losses are
independent of the load, they even occur at no load conditions. Friction losses occur in the motor
bearings and are due to air resistance, and thus proportional to the rotating speed, while air
resistance losses are proportional to the square of this speed. This is particularly important when
the output of the system is varied by adjusting the speed of the motor. Windage losses are caused
by the power demand of the ventilation fan, necessary for the cooling of the motor. Core losses
are caused by hysteresis and eddy current. These losses are due to the core material and the way
the core is constructed. Conduction losses are due to the resistive heating in the stator and the
rotor and are approximately proportional to the square of the load. Finally, stray losses is a
collective name for all kind of losses, that occur in the magnetic circuit, the metal parts and the
conductors.
 
The efficiency of an induction-motor, defined as the ratio of the output power and the input
power, varies with the capacity of the motor. Table 3.7 shows that in general the efficiency
increases with larger capacity. It should be emphasized that the difference in efficiency between
two motors with equal capacity can be as high as 10% and should therefore not be neglected. The
maximum efficiency of a standard motor is achieved at 70-80% of its nominal load. At full load
the efficiency is only slightly smaller. However, if the load is less than 50% of the full load the
efficiency drops quickly. This is caused by the fact that load-independent  losses are relatively
larger at part-loads. It is common practice to install a motor with a larger capacity than is really
required as a result of safety demands. Furthermore, most designers anticipate at a growth in peak
demand. Consequently these motors operate at 70-80% of their nominal capacity, i.e. exactly the
point of maximum efficiency. However, the improvement in efficiency is only small and the
additional investment costs are high.
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Table 3.7 Efficiencies at full load of electric motors in three capacity classes. All efficiencies are
based on values provided by manufacturers, and include standard as well as high-efficiency
motors. Standard motors have an efficiency that is 2-4% lower than that of high-efficiency
motors [Geerts,1990].

capacity efficiency largest variation in
efficiency

< 5 kW 55% - 85% 10%

5 kW - 200 kW 85% - 96% 5%

> 200 kW 91% - 97% 5%

Energy efficiency can be improved by reducing the energy losses in the system or by improving
the efficiency of the motor. Energy losses in the system can be reduced by applying efficient
pump, compressor and fan designs, reducing throttling and coupling losses (through adjustable
speed drives, see below), and efficient piping and ductwork. The energy efficiency of motors can
be improved by applying adjustable speed drives, high efficiency motors and optimizing the size
of motor drives. In this report we will concentrate on adjustable speed drives, as they offer the
single largest opportunity for energy savings in drive power systems [Nadel et al.,1992]. 

Most motors are fixed speed AC models. However, motor drive systems are often operated at
part or variable load. Especially fans and pumps show highly irregular load profiles [Nadel et
al.,1992]. Control of the output of the motor can be achieved electronically (adjustable speed
drive) and mechanically (i.e. mechanical coupling). In mechanical coupling the speed of the axis
is fixed or can only be varied in steps. For variable load operation an adjustable speed drive is
more suited. DC-motors offer the possibility of simple and precise control. However, this type of
motor is only used when these values outlarge the high initial and maintenance costs. 

Control of the output of induction motors is more difficult. In principal the system output can be
varied at fixed-motor speed or at variable-motor speed. Traditionally the output is varied at fixed
motor speed. For instance, in pressurized-air systems an on-off strategy is often used, leading to
high power losses due to pressure drops [Baldwin,1988]. The output of pumps and fans is
controlled by throttling the output with a valve or a vane. This way of output control is extremely
inefficient. Controlling the output of a system by adjusting the speed of the motor can be
accomplished in three ways: mechanical, hydraulic and electronic. Due to the development of
power electronic switching devices and micro-electronics electronic drives are increasingly being
used. They offer higher efficiencies, easier control and require less maintenance. Furthermore,
they need not to be placed directly near the motor and offer the possibility of controlling more
than one motor. Therefore we will only deal with electronic adjustable speed drives (ASD) here.

ASDs are commercially available in a large variety of designs. However, they can be categorized
in three basic types: voltage controlled, frequency controlled, and slip energy recovery systems.
Of these types the frequency controlled ASDs offer the greatest advantages. Frequency controlled
ASDs appear according to two principles: the direct convertors and the indirect convertors. 
Direct convertors (cycloconvertors) convert frequency and voltage in one step, whereas indirect
convertors use a form of energy storage. This can be either in the form of an inductor (CSI,
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current-source invertor) or a capacitor (VSI, voltage-source invertor). VSIs can be divided in
pulse-amplitude modulators (PAM) with a variable DC-link voltage, and pulse-width modulators
(PWM) which uses a constant DC-link voltage. The selection of an ASD, or another type of
output control, depends on several factors, e.g. torque-speed curve, power and speed range, noise
production, environment of the drive, load-duration curve. 

RTD in the area of ASDs should aim at reducing the capital cost of the systems, which are still
high. This is especially important for small motors (< 10 kWe) were the current capital costs are
prohibitive for the implementation. New developments include the integration of ‘soft starters’
in ASDs increasing the reliability and improved dynamics [Groeneveld,1991].

The electricity savings that can be achieved depends strongly on the specific situation and can vary
from a few percent to 50%. For pumping and fans the savings are estimated at 30-35%, for
compressors and refrigeration at 18-23%, and for machinery and conveyor at approximately 7%
[ETSU,1994]. Total savings in Belgium on motors in industry is estimated to be 18% with
payback period of 3 years or lower, and at 31% with payback period smaller than 10 years [De
Groote and Verbruggen,1992]. In Belgium it is estimated that 15% of motors (measured as power
consumption) have ASDs installed [De Groote and Verbruggen,1992]. Application is limited to
a part of the installed motors (estimated to be 30% for compressors in the UK [ETSU,1994]).The
largest savings can be achieved when the application demands a torque which increases with the
square of the speed. In that case the power increases with the cube of the speed. Typical examples
are fans, centrifugal pumps and compressors. When the torque is constant the power is directly
related with the speed. Examples are hoisting applications, like cranes and lifts, and displacement
pumps. The power demand of heavy load systems depends on the acceleration torque. Reduction
of slip during start may result in a saving.

Table 3.8 presents an incomplete overview of demonstration projects with adjustable speed drives
in European industry, focusing on The Netherlands and United Kingdom. ASDs can also be used
in the textile industry (machines, dyeing, drying), printing (machine drives, conveyors), water,
electricity and gas utilities, and HVAC applications (industrial buildings, offices).
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Table 3.8. Some demonstration projects of ASD technology in Canada, Norway, United
Kingdom, The Netherlands and USA. The sector, application, power range of the motor,
estimated savings and payback period are given (if available). Sources: [Caddet,1996;
Novem,1995; Senteur, 1994].

Sector Application Power Savings Payback

(kWe) (%) (year)
Period

Metals - Reheating furnace 450 50% 1-2
- Combustion air fan
- Combustion air fan 19 66% 3-4
- Fume cleaning EAF n.a. 37% 2-3
- Fluegas fan furnace 160 35% 2-3

Pulp & Paper - Induced draft fans 130 43% 3
- Stock transfer pump 75 65% 2
- Fan pump paper 1120 35% 2
  machine
- Paper pulper 250-630 13% 1

Chemicals & - Cooling water pump n.a. 12-30% 1-2
Plastics - Stirrer batch vessel n.a. 52% 2-3

- Injection moulding 56 41% 4

Refineries - Boiler fan 112 63% <1

Food & - Refrigeration 75 45% 1-2
Beverage - Whey solution  3 41% <1

  transport 
- Flour extract fan 75 20% 3
- Vacuum fan bread n.a. 41% 1-2
   depanner bakery
- Starch drying 8-45 39% 2-3
- Pumps brewery 37-50 25% 1-2

Wood - Drying fans 132 29-40% 4

Others - Boiler fan n.a. 1% of boiler fuel 1
- Water pump 27 48% 1-2
- Water cleaning 19-30 n.a.
- Sewage slib drying 78 45%

2-3
2

Cost data
The costs of an ASD depend on the capacity of the motor drive system. In general, the costs per
kW decrease with increasing capacity. However, large differences in costs are reported for ASDs
of the same capacity (as shown in Table 3.8). It is in most cases not clear if additional costs, e.g.
for bypass switching, speed indicators, are included. Furthermore, information on the drive system
the ASD is applied to is mostly not available. For these reasons a cost data should be interpreted
with care. We will use the cost figures as given by ETSU (1994) for applications that  have show
over 1900 hrs use per year. For systems over 300 kWe the capital costs are estimated to be 70
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ECU/kW or lower [ETSU,1994]. Systems in the range of 30 to 300 kWe, the costs vary between
140 and 115 ECU/kW. Below 30 kWe the costs will be 245 ECU/kW or higher [ETSU,1994].
It should be noted that the payback period can still be low, despite the high investments (see Table
3.8). Other advantages of ASDs often facilitate implementation, e.g. reduced maintenance and
lower operating costs. Maintenance costs of ASDs are minimal, and hence estimated to be zero.
Table 3.9 summarizes the results for ASDs for the ATLAS project.

Table 3.9 Summary of input data for Adjustable Speed Drives for the ATLAS-project. The energy
savings are estimated relative to the EU-15 and Norway industrial electricity consumption in
1990 for motors, which is estimated to be equal to 68%, or 2020 PJe. Electricity generation
efficiency is assumed to be 40%.

1995 2000 2010

Technical Data
 Typical Size   (kWe) > 100 > 50 > 10
  Life-time (yr) 15 15 15
  Construction (yr) <1 <1 <1

Energy Data
 Fuel use (PJ) 0 0 0
 Electr. Use (PJe) 200 260 360
 Primary Energy (PJ) 500 650 910
 Savings (%) 10% 13% 18%

Economic Data
 Investments (ECU/kW) 70 - 250 60 - 200 50 - 180
 Fixed O&M (ECU/kW) 0 0 0
 Variable O&M 

Environmental Data
 CO2 emissions -10% -13% -18%
 SO2, NOx emissions -10% -13% -18%
 Other emissions n.a. n.a n.a.

Capacity EU (%) 15% n.a. n.a.
Capacity outside EU (%) n.a. n.a. n.a.
Remarks Cost reduction Small scale systems
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Figure 3.1 Schematic representation of desalination, using the principle of reverse osmosis.

3.2.4 Reverse Osmosis

Reverse osmosis (RO) is a membrane separation method in which water is forced by pressure
through a semi-permeable membrane and hence separated. Desalination is the most commonly
used application. For example in Saudi-Arabia, most of the drinking water is derived from sea
water. Other important applications are concentration of juices, cheese whey, milk, coffee and
sugar solutions. Also for concentration, recycling and recovering of valuable products from waste
streams reverse osmosis is used. And in the pharmaceutical industry RO is applied for
fermentation broth clarification and concentration [Brandt et al.,1992]. The principle of reverse
osmosis is explained in Figure 3.1.

In Figure 3.1 desalination of sea water using reverse osmosis is shown. In the situation where no
pressure is put on the seawater, due to osmosis water moves through the membrane from the
fresh water to the seawater until both sides have equal osmolarities . If pressure is put on the1

seawater and this pressure is larger than the osmostic pressure, this process is reversed. Water
moves through the membrane from the seawater to the fresh water, thus purifying the water.

Eichhammer (1995) gives estimates for the potential energy savings that can be reached by
implementing reverse-osmosis membranes. The same figures as for implementation of
pervaporation membranes are given (55% of about 780 PJ, see section 3.2.5). However, the
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potential energy savings are also dependent on the success of other membrane types, especially
ultrafiltration and pervaporation (see below). Eichhammer considers these membrane types
interchangeable for most applications, although this only partially will be the case. Therefore, the
potential energy savings of reverse osmosis  membranes as given in Table 3.12 have to be
interpreted, considering the competition with other membranes.

R&D focuses on new membrane materials, new applications, mainly in the area of waste treatment
and food processing (see section 2.7), and a longer lifetime of the membranes (currently estimated
at 7 years). New membrane materials have to be highly resistant to chlorine, for currently this is
a limiting factor [Matsuura,1992]. Also membranes with a higher transport speed and the same
separating properties are subjects of current R&D projects. Hybrid systems, like a combination
of solar evaporation and reverse osmosis are mentioned as R&D subjects, thus combining the
advantageous properties of both separation techniques [DoE,1994]. The expectations are that RO
will play an important role in the desalting of water, in waste streams purification and high purity
water production [Brandt et al.,1992]. In most industrial sectors, estimated energy savings of 40%
can be expected in 2010.

Desalting of Water
RO is the newest of the commercially available water desalination processes and also the most
flexible. It can be used at a wide range of feed-water salinities. In Table 3.10 the number of
existing desalting plants by process (worldwide) is given.

Table 3.10 Desalting plants by process currently in use worldwide (capacities greater than
95,000 l/day) Source: [Wangnick,1992].

Main process no. of units capacity (Ml/day)

Reverse Osmosis 5,154 5,000

Multistage flash 1,090 8,000
distillation (MSF)

Electro Dialysis (ED) 1,159 900

Vapor Compression 704 600
Distillation

MultiEffect Distillation 606 725
(MED)

other 106 100

In principle, all of the mentioned processes can be replaced by RO although this is dependent of
the concentration of the salt in the mixture. R&D aimed at the applicability of RO in a wider range
of concentration is mentioned [Brandt et al.,1992]. For seawater RO, Brandt et al. (1992) gives
figures on energy consumption. In Table 3.11 the figures for reverse osmosis and distillation are
given. In this table also the total costs for the purification of water (if available) is given. The
O&M-costs including membrane replacement and energy-costs of an RO-installation are assumed
to be about 40% of the investment costs [Pittner,1992].
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Table 3.11 The energy consumption and total costs for distillation and RO for seawater
desalting. Sources: [Brandt et al.,1992; Pittner,1992].

Process Electricity maximum total costs to
consumption operation purify water
(kWh/1000 l temperature ($/1000 l
product) (°C) product)

Multistage Flash distillation 9.5 95 ~2.6

MultiEffect Distillation 6.9 75 0.75-2.6

Vapor compression 9.2 100 n.a.
distillation

Reverse Osmosis 4.8 45 0.75-2.6

It is clear that RO is by far the most energy efficient process. Compared to multistage flash and
vapor compression distillation the energy savings are about 50%. Compared to the more efficient
MED, energy savings are much lower. The potential energy savings for reverse osmosis are
estimated at 30% in 2000 and 40% in 2010. The associated costs are comparable for RO and
MED, according to Pittner (1992). MFD is considered more expensive, mainly due to a larger
amount of O&M-costs (about 50%, including steam and electricity). About the same figures for
investment and O&M-costs are found in other applications, i.e. the food sector [DoE,1994].
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Table 3.12 Summary of input data for reverse osmosis membranes for the ATLAS-project. The
investment costs are relative to the conventional thermal separation process. Electricity
production efficiency is estimated at 40%. 

1995 2000 2010

Technical Data
 Typical Size (tonne water 250,000-500,000 250,000-500,000 250,000-500,000
   removed/yr) 7 7 10
  Life-time (yr) 1 1 1
  Construction (yr) 

Energy Data
 Fuel use (PJ) 780 315 158
 Electr. Use (PJe) 94 125
 Primary Energy (PJ) 780 550 470
 Savings (%) n.a. 30% 40%

Economic Data
 Investments (ECU/tonne 2 1.5 1.2
   water removed )
 Fixed O&M (ECU/tonne 0.8 0.6 0.5
   water removed)
 Variable O&M (ibid.) n.a. n.a. n.a.

Environmental Data
 CO2 emissions n.a. -30% -40%
 SO2, NOx emissions n.a. -30% -40%
 Other emissions

Capacity EU n.a. n.a. n.a.
Capacity outside EU n.a. n.a. n.a.
Remarks
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3.2.5 Pervaporation

Pervaporation (PV) is an energy-efficient combination of membrane permeation and evaporation.
It is considered an attractive alternative for many separation processes. The process itself has been
known for liquid separations for over 70 years, but only since the early 1980s pervaporation has
been exploited commercially [anonymous, 1994]. Worldwide, about 120 PV-installations are in
use nowadays [Felix,1996]. Of these 120, 90% is built by Le Carbone-Lorraine [Felix,1996].
Pervaporation is especially suitable for the dehydration of organic solvents and mixtures and the
removal of organics from aqueous streams. Examples of these organics are given in Table 3.13.

Table 3.13 Organic compounds in liquid mixtures that can be dehydrated or removed from
aqueous streams using pervaporation. Source: [anonymous,1996].

Compound example

Alcohols methanol
ethanol
propanol

Polyalcohols glycol
glycerin

Ketons acetone

Ethers di-ethylether
di-isopropylether

Esters ethylacetate
butylacetate

Acids acrylic acids
isophtalic acid (IPA)

Amines methylamine
ethylamine

HydroCarbons toluol
xylol

Most pervaporation installations currently in use are multi-purpose installations (suitable for more
than one organic compound). Of the single-purpose, the most important compounds being
separated are ethanol and IPA. The principles of the pervaporation process are depicted in Figure
3.2. The liquid (mixture) is in contact with the membrane. At the permeate side, a partial pressure
is generated by means of a vacuum pump, or (not depicted) by means of an inert gas flow. The
components of the liquid that move through the membrane are vapourized by the low pressure,
removed and condensed.
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Figure 3.2 Schematic presentation of the principles of pervaporation.

The energy-use of a pervaporation system is determined by the application i.e. the separated
compound. In Table 3.14 the characteristics of two different systems are shown as examples.

Table 3.14 The characteristics of two pervaporation systems, as delivered by Le Carbone-
Lorraine, France. Source: [anonymous,1991].

Ethanol IPA

Concentration feed 85,7% 98%
Concentration product 99.8% 98.8%

Flow rate 1195 kg/h 200 kg/h

Energy-use: 
steam 195 kg/h 0 kg/h
electricity 85 kW 10 kW

Membrane area 480 m 14 m2 2

Eichhammer (1995) estimated the total energy requirement of thermal separation processes that
are suitable for replacement by pervaporation in EU-16 at about 780 PJ in 1991. Replacing all
thermal separation processes in EU-16 by pervaporation could potentially result in energy savings
of 55% (i.e. ~400 PJ) of current energy use in EU-16 on the long term [Eichhammer,1995]. These
large energy savings can be explained by comparing pervaporation systems to azeotropic
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distillation of organic mixtures. Besides the energy consuming distillation step, the distillation
process requires an entrainer, such as benzene, to break the azeotrope. The removal of this
entrainer gives rise to a second distillation, thus increasing energy use and installation costs
[anonymous,1994]. Because pervaporation systems make use of more advanced technologies than
conventional separation methods, investment costs are considered comparable [Felix,1996].
O&M-costs are expected to be higher than the conventional separation process. Simple pay back
times of less than 1 year have been reported for pervaporation installations [anonymous,1994].
For about 40% of the total energy  requirements of separation processes in EU-16 the chances
that pervaporation membranes will be implemented are high [Eichhammer,1995]. However, these
potential energy savings are also dependent on the success of other membrane types, especially
ultrafiltration and reverse osmosis. Eichhammer considers these membrane types interchangeable
for most applications. Although not completely true, the competition between membrane systems
is important. The potential energy savings of pervaporation membranes as given in Table 3.15
have to be interpreted, considering the competition between various membrane systems.

Current R&D focuses on new membrane materials. Although there are several membrane types
available, until recently they have all been based on the use of PVA in the active separating layer
[anonymous,1994]. R&D activities focussing on the development of novel ceramic-supported
polymer membranes is mentioned by Castro et al. (1993). Other R&D activities focus on
increasing the lifetime of pervaporation membranes. Nowadays this lifetime is estimated at 7
years. The results are summarized in Table 3.15.
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Table 3.15 Summary of input data for pervaporation membranes for the ATLAS-project. The
investment costs are relative to the conventional separation process. Electricity production
efficiency is estimated at 40%. 

1995 2000 2010

Technical Data
 Typical Size (t/yr) 500-2,000 500-2,500 500-3,000
  Life-time (yr) 7 7 10
  Construction (yr) 1 1 1

Energy Data
 Fuel use (PJ) 780 312 158
 Electr. Use (PJe) 0 94 125
 Primary Energy (PJ) 780 546 470
 Savings (%) n.a. 30% 40%

Economic Data
 Investments (relative) 1 1 1
 Fixed O&M (relative) >1 >1 >1
 Variable O&M (relative) >1 >1 >1

Environmental Data
 CO2 emissions -30% -40%
 SO2, NOx emissions -30% -40%
 Other emissions

Capacity EU (t/yr)
Capacity outside EU (t/yr)
Remarks (based on)
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3.2.6 Refrigeration

The most important industrial sector where refrigeration is a large energy consumer, is the food
and beverage industry. In 1990, the share of electricity used for refrigeration in this sector in the
Netherlands was estimated at 15% of total electricity demand in the food and beverage industry
[E3T,1990]. Using this figure for the EU-12, the total amount of electricity required for
refrigeration in the food industry is estimated at 30 PJ   [IEA,1991]. Refrigeration in the foode

sector is mainly used for freezing or cooling of meat and vegetables. Refrigeration in industry is
mostly done by means of compression cooling and only in some cases by absorption cooling
[Mottal,1995]. 

Eichhammer (1995) estimates the total saving potential in EU-16 at 15%. R&D to achieve this
should aim at alternative refrigeration cycles, combined power and cooling and alternative
working fluids. However, demonstration projects have been carried out, reaching more than 15%
energy savings (for some examples, see Table 3.16). Because energy savings can be reached in
a variety of ways, ETSU (1992) gives a classification for `efficiency opportunities’ in
refrigeration. This classification is given in Table 3.16, as well as some examples of various
demonstration projects and the related energy savings. These savings cannot be added to calculate
the total potential energy savings. Each refrigeration installation requires its own inventory of
energy efficiency improvement measures.

Table 3.16. Classification according to ETSU (1992) to achieve energy savings in refrigeration.
The demonstration projects are derived from [ETSU,1992; Caddet,1996; Mann,1992; Mottal,
1995; Maczek et al.,1993; Lazarrin et al., 1996]

main category Demonstration projects/ energy savings realized in
Technologies demonstration projects

process design process integration
process control (see section 3.2.1) ~30%

system design heat pumps ~65%
combined power/cooling
different working fluids 2-20%
absorption cooling 0-20%

component design adjustable speed drives (see ~45%
section 3.2.3)
computer controlled speed fans 30~44%

Improved O&M computer aided operation ~20%

We will focus on various demonstration projects, to give some insight in the technologies to
achieve energy savings in refrigeration in the food industry.

Process design
For process integration and process control, we refer to sections 3.2.1 and 3.2.2. Mann (1992)
describes a project, where 30% energy savings are realized by changing the process design. New
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cold stores for apples were constructed together with a test store. In this test store, some
adaptations compared to the other cold stores were made, thereby creating the possibility for
frequency controlled fanning. The energy consumption of the fans was reduced by about 30% by
reducing the circulation factor to half the normal value [Mann,1992]. This example shows that
changes in process design allow for energy savings in component design.

System design
Some technological advancements and trends can lead to large energy savings in the near future
in system design. The first trend is the development of `super heat pumps’. These heat pumps are
developed in the Japanese Super Heat Pump Accumulation System Program, leading to high
COP-values of about 7.1 for closed cycle electric heat pumps for cooling with a heat source of
32°C and an output temperature of 7°C [Mottal,1995].

Other major trends are a reduction of refrigerant charges and the development of new working
fluids. Traditionally, the most common working fluids for compression heat pumps are ammonia
and (H)CFCs. R&D is aimed at alternative working fluids, especially for the (H)CFCs due to the
Toronto agreements. These alternative working fluids, like halogen refrigerant mixtures and CO ,2

can also save energy. Savings of 2-20% have been reported [Trepp et al.,1992; Lorentzen,1993a;
Lorentzen,1993b]. Other recent developments are the focus on natural refrigerants  [IEA,1996b].
For example CO  is considered a completely safe and environmentally compatible refrigerant. 202

percent higher COP-values than conventional CFC-systems with compact and cost effective
components have been reported [Lorentzen,1993a].

Another example is absorption cooling. Lazarrin et al. (1996) describe a theoretical analysis of
an open-cycle absorption heating and cooling system. They concluded that with relatively low
investment costs PER-values of 1.2-1.4 in heating mode can be obtained, as well as energy
savings in cooling mode of about 5-20%. Absorption cooling in general is an energy-saving option
if regenerative systems are used [Hajji et al.,1995]. Absorption heat pumps have large energy
savings potentials. However, in practice, only the heating capacity is discussed in literature. RTD
in this area should aim at absorption heat pumps for refrigeration.

An example of combined power and cooling is given by Erickson (1995). In a community in
Alaska, electricity is generated using generators. The waste heat in the summer is used to power
an absorption cycle, thereby reducing electricity demand by 70%, with equal capital costs.

Component design
Adjustable speed drives are discussed in section 3.2.3. Computer controlled fans are discussed
in the section on process design. Energy savings of more than 30% are estimated to be technically
achievable

Improved O&M
In refrigeration, energy savings could be reached by improved O&M. The examples of frequency
controlled fans and adjustable speed drives are already mentioned. Another example can be found
in the United Kingdom. On a cold store refrigeration plant, an automatic air purger was installed
in 1989. Energy savings are estimated at 630 GJ/year, together with reduced maintenance due to
less refrigerant loss and total installed costs of £8,980 leading to a simple payback period of 10
months [Caddet,1996].
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The investment and O&M-costs differ for the various options. Because different systems are
discussed for different purposes, no general economic data can be given. Investing in improved
design for O&M will lead to decreasing O&M costs. The installation of super heat pumps
however, may require large investment costs. In general, the investment costs for new
refrigeration systems are considered to be comparable with [Lorentzen,1993; Gigiel,1989] or
lower than the currently installed systems if system design analysis is applied [Maczek et al.,
1993]. O&M-costs are estimated to be slightly  lower than for conventional refrigerating systems
[Caddet,1996; ETSU,1992]. 

The total energy savings potential of the four categories is estimated at 20% in 2010 [ETSU,
1992]. Most promising technologies are heat pumps and combined power/cooling systems.

Table 3.17 Summary of input data for Refrigeration for the ATLAS-project. Economic data are
relative to conventional refrigerating systems. Electricity generation efficiency is assumed to be
40%.

1995 2000 2010

Technical Data
 Typical Size 
  Life-time (yr) 15 15 15
  Construction (yr) 1 1 1

Energy Data
 Fuel use (PJ)
 Electr. Use (PJe) 30 27 24
 Primary Energy (PJ) 75 67.5 60
 Savings (%) 10% 20%

Economic Data
 Investments (relative) 1 0.9 0.9
 Fixed O&M (relative) 1 0.9 0.9
 Variable O&M (rel.) 1 0.9 0.9

Environmental Data
 CO2 emissions -10% -20%
 SO2, NOx emissions -10% -20%
 Other emissions less CFCs less CFCs

Capacity EU
Capacity outside EU 
Remarks (based on) current mix of

refrigerating systems



85

3.3 Cross-Cutting Technologies - Energy Conversion

3.3.1 Burner Technology

Recuperators and regenerators are the two major contributors to improved energy efficiency in
combustion technology. A recuperator is a heat exchanger that extracts heat from the furnace
waste gases to pre-heat incoming combustion air. Compared to furnaces without air preheating
energy savings of 30% can be reached Flanagan,1993], when the air is pre-heated to a maximum
of 550-600 C. Development is aimed at higher temperature (ceramic) recuperators and so-calledo

self-recuperative burners. In self-recuperative burners the recuperator is an integral part of the
burner, which decreases costs, and might make it easier to retrofit existing furnaces.

Regenerative burners are operated in pairs. While one is used to burn the fuel, another burner uses
a porous ceramic bed to store heat. After a short period (minutes) the process is reversed, and the
heat stored in the ceramic bed is used to preheat the combustion air. In this way about 85% of the
heat in the flue gases is recovered, and the combustion air can be pre-heated to temperatures of
only 150 C less than the furnace operating temperature [Flanagan,1993]. Compared with cold airo

burners, regenerative burners can achieve fuel savings in excess of 50% [Flanagan,1993].

Heat distribution and flux are important design features to improve the efficiency of a furnace.
Burner concepts are developed that aim at improving the heat distribution by impulse firing (for
heat treatment and intermittent kilns) and high velocity burners (in the ceramics industry and for
metal re-heat and batch processes). Savings of upto 10% [ETSU,1994] are estimated for the UK,
by implementing impulse firing and high velocity burners. 

Especially in the UK, large programmes have helped to develop and demonstrate recuperative and
regenerative burners, especially in the metals industry (steel mills, foundries, rolling mills). In the
UK now over 360 installations are implemented, especially in the steel industry, applying
recuperative or regenerative burners [ETSU,1994]. Therefore, they are regarded as commercially
deployed in the UK, and only demonstration in specific areas would be needed. Especially
immersion recuperative burners need more attention and demonstration [ETSU,1994]. It might
still be needed to demonstrate the technologies in specific applications, or in other member states,
as a survey on steel reheating furnaces in OECD countries found only a limited number of
furnaces with regenerative or recuperative burners. However, 75% of the furnaces used a form
of waste heat recovery, mainly using a separate recuperation [Flanagan,1993].

We concentrate on new developments to increase the efficiency of these systems further, operate
at higher temperatures, work in corrosive environments, reduce investment costs, or need
demonstration in specific applications. Environmental control is another important aspect for
further development, as higher combustion temperatures might lead to increased NOx-emissions,
if the combustion process is not well managed. Other major developments in burner technology
include high velocity burners, impulse firing technique and immersed recuperative burners. 

In the UK a total of 238 PJ fuel is used in burner based industrial high temperature systems
[ETSU,1994]. The estimated savings potential of new burner systems is equivalent to 29 PJ (or
12% industry wide [ETSU,1994]). Table 3.18 gives an overview of estimated savings (for the
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year 2000) in the EU based on case studies in the UK and other countries, as well as other studies
[Flanagan and Pratten,1992; ETSU and EVE,1994; Cadem,1992]. Because detailed data on
furnace efficiencies in the various sectors were not available it is stressed that the estimates should
be interpreted with care.

Table 3.18. Estimated technical energy savings potential in the year 2000 by the implementation
of energy efficient burner systems.

Sector Fuel Use in furnaces Savings Savings
(PJ) (PJ) (%)

Foundries  80 24 30%

Iron & Steel 190 34 18%

Non-ferrous metals 110 17 16%

Brick & Tiles 140 17 12%

Glass 160 29 18%

Total 680 121 18%

Based on the experience in the UK we have estimated the investment costs [ETSU,1994]. It
should be noted that the costs depend largely on the capacity of the burners, the needed
restructure of the furnace lay-out and saved energy costs. In Table 3.19 the estimated capital costs
are presented, expressed as ECU/GJ-saved amount of energy. The potentials presented in Table
3.19 are technical potentials. The actual implementation will depend on a large number of factors,
e.g. capital costs, age of furnaces. Note that in the case of new furnace construction installing
recuperative or regenerative burners will reduce the investments, as there is no need for costly
ductwork and separate recuperators. Cost reductions through RTD programmes will enhance the
implementation rate, and increase energy savings, especially in smaller capacity furnaces and kilns.
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Table 3.19 Summary of input data for efficient burner technologies for the ATLAS-project. The
energy savings are estimated relative to the EU-12 estimated average energy efficiency of
burners. 

1995 2000 2010

Technical Data
 Typical Size (MW) 0.3 - 5 0.3 - 5 0.3 - 5
  Life-time (yr) 10 10 10
  Construction (yr) <1 <1 <1

Energy Data
 Fuel use (GJ/t)
 Electr. Use (GJe/t)
 Primary Energy (GJ/t)
 Savings (%) 10% 18% 20%

Economic Data
 Investments (ECU/GJ) 4 - 10 4 - 10 4 - 10
 Fixed O&M (ECU/GJ) 0.2 0.2 0.1
 Variable O&M (ECU/GJ)

Environmental Data
 CO2 emissions -10% -18% -20%
 SO2, NOx emissions -10% -18% -20%
 Other emissions n.a. n.a n.a.

Capacity EU (%) n.a. n.a. n.a.
Capacity outside EU n.a. n.a. n.a.
Remarks
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3.3.2 Organic Rankine Cycle (ORC)

The Rankine cycle is a thermodynamic cycle used to generate electricity in many power stations,
and is the practical approach to the Carnot cycle. Superheated steam is generated in a boiler, and
then expanded in a steam turbine. The turbine drives a generator, to convert the work into
electricity. The remaining steam is then condensed and recycled as feedwater to the boiler. A
disadvantage of using the water-steam mixture is that superheated steam has to be used, otherwise
the moisture content after expansion might be too high, which would erode the turbine blades
[Verschoor and Brouwer,1995]. Organic substances, that can be used below a temperature of
400 C do not need to be overheated. For many organic compounds superheating is not necessary,o

resulting in a higher efficiency of the cycle. This is called an Organic Rankine Cycle (ORC). ORC
can make use of low temperature waste heat to generate electricity. At these low temperatures
a steam cycle would be inefficient, due to the low elevation temperature in the cycle. ORCs can
be applied for low temperature waste heat recovery (industry), efficiency improvement in power
stations [Verschoor and Brouwer,1995], and recovery of geothermal and solar heat. Small scale
ORCs  are used commercially or as pilot plant in the last two decades. It is estimated that already
about 30 commercial ORC plants have been built before 1984 with an output of 100 kW
[Larjola,1995]. 

Several organic compounds have been used in ORCs (e.g. CFCs, freon, iso-pentane or ammonia)
to match the temperature of the available waste heat. Waste heat temperatures can be as low as
70-80 C. The efficiency of an ORC is estimated to be between 10 and 20%, depending ono

temperature levels. On many sites no suitable use is available for low temperature waste heat,
hence upgrading by the use of a heat pump (or transformer) or an ORC are good energy recovery
candidates. However, the maximum temperature of heat pumps is still limited (see section 3.3.3),
making ORC a good technology for heat recovery in the range of 150 till 200 C, if no other useo

for the waste heat is available on site. To minimize costs and energy losses it is necessary to locate
an ORC near the heat source, and have a large amount of available waste heat (> 5 MWth at long
operating times) available. There is also a need to condense the working vapour. Therefore, a
cooling medium should be available on site. These site characteristics will limit the potential
application. The theoretical potential of ORC is determined by the available waste heat, at
temperature levels between 70 and 400 C. The practical potential will, however, be determinedo

by the potential application of the waste heat for other purposes (e.g. process integration) or the
potential use of heat pumps or transformers (see section 3.3.3). ORC has still high capital costs,
and hence other measures will generally be more profitable. A planned ORC at Hydro Agri in The
Netherlands (fertilizer production) has not yet been implemented, due to the existence of other
measures. An ORC would be installed to generate electricity from a waste heat stream of 190 Co

(cooling to 150 C) using isopentane as working medium, and an estimated installed capacity ofo

2.6 MWe, saving 83 TJ annually [TIEB,1993].

There are no estimates available for the amount of waste heat generated by industry in the EU at
the suitable temperature levels. The amount of process heat consumed at temperatures below
140 C in the EU-12 is estimated at 730 PJ in 1990 [Blok et al.,1995]. Only when all other useso

of the waste heat have been investigated and optimised, application of ORC should be considered.
A German study estimated a technical potential of approximately 500 MWe in Germany in
refineries, chemical, iron and steel, non-metallic minerals industries [Maier et al.,1986]. In The
Netherlands an early ORC has been installed at an integrated pulp and paper mill. Using the
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German study we can estimate the total technical potential in the EU industry at approximately
2000 MWe. ORCs can also be installed to increase the efficiency of power stations and
incinerators.

Currently the capital costs of an ORC are still high, depending on the scale of the plant. A
proposed large project in The Netherlands had a simple payback period of 6.5 years [TIEB,1993],
with investments of 4.3 MDfl (equal to approximately 1650 Dfl/kWe). The project was canceled
due to the existence of more profitable investments. Small scale systems were more expensive,
upto 4000-5000 DM/kWe for 500 kWe [Maier et al.,1986]. Hence, RTD of ORCs should be
aimed at reducing the capital costs of the equipment to compete with other uses of waste heat.
The efficiency of the electricity generation is still low, limited to 10-20%. The development of
working media (non-CFC) that could lead to higher efficiency could be investigated, and would
reduce the specific capital costs.

A new development is high speed ORC. High speed ORC is an oil free system and uses process
lubricated bearings, reducing wear and hence O&M costs [Caddet,1988; Larjola,1995]. The
system might be applicable for small scale systems (e.g. upto 400 kWe), and the capital costs are
estimated at approximately 5900 FIM/kWe for 400 kWe, equal to 1000 ECU/kWe.

Table 3.20 Summary of input data for Organic Rankine Cycle plants for the ATLAS-project. The
energy savings are estimated using a 40% energy conversion efficiency for electricity
production. Savings are expressed as share of industrial electricity use in EU-16 (1990). See
above for further assumptions. 

1995 2000 2010

Technical Data
 Typical Size (MWe) 0.5 - 5 0.5 - 5 0.3 - 5
  Life-time (yr) 20 20 20
  Construction (yr) 1 1 1

Energy Data
 Fuel use (PJ) 0 0 0
 Electr. Savings (PJe) 63 63 80
 Primary Energy (PJ) 158 158 200
 Savings (%) 2% 2% 3%

Economic Data
 Investments (ECU/kWe) 800 - 1000 800 - 1000 800
 Fixed O&M (ECU/kWe) 50 50 40
 Variable O&M (ECU/kWe) n.a. n.a. n.a.

Environmental Data
 CO2 emissions -2% -2% -3%
 SO2, NOx emissions -2% -2% -3%
 Other emissions n.a. n.a n.a.

Capacity EU (MWe) ¬ 2-5 n.a. n.a.
Capacity outside EU n.a. n.a. n.a.
Remarks Large scale Large scale Large & medium
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3.3.3 Heat Pumps and Heat Transformers

A heat pump is a device that uses waste heat to produce valuable heat on a higher temperature
level than that of the waste heat. The basic idea of all heat pump concepts is that waste heat is
absorbed by a medium, which releases the heat at a higher temperature after a physical or
chemical transformation. During the last decade heat pump technology has attracted increasing
attention as one of the most promising technologies to save energy [Eichhammer,1995]. Areas
of interest are heating of buildings, recovery of industrial waste heat for steam production and
heating of process water for e.g. cleaning, sanitation. An overview of the number of industrial heat
pumps in the EU-15 is given in Table 3.21.

Table 3.21 The number of industrial heat pumps as well as the potential number of industrial
heat pumps in EU-15 and Norway in 1992. Source: [Stuij et al.,1994; Laue et al.,1994]. The
figures marked with a are 1987 figures. Source: [Laue et al.,1994].

Country Industrial heat pumps Potential number of heat
pumps

Austria 881

Belgium 81 195

Denmark 949 (including district heat) 155

France 186 (only MVR) 1800

Germany 570 1800

Greece 28 160

Ireland 5 140a

Italy 30 1200a

Luxembourg 0 25a

Netherlands 146 370

Norway 678

Portugal 0 150a

Spain 5 500a

Sweden 132

Switzerland 2,450 (including agriculture)

United 44 (only MVR) 1550
Kingdom

The potential number of heat pumps is determined by the current status of heat pump technology.
This means that in the potential heat pumps only those industrial sectors handling low temperature
sources and outputs up to 140 C are included. The corresponding potential of industrial heat
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pumps in EU-12 is about 1650 PJ energy savings by using heat pumps instead of conventional
processes [Eichhammer,1995]. The potential including high temperature heat pumps is assumed
to be larger. As can be seen from Table 3.21, industrial heat pumps have not been implemented
in industrial processes on a large scale. The main reasons are that these heat pumps have low
output temperatures, high initial costs (compared to boilers) and low energy prices lead to long
return on investments. Current compression heat pumps, the most developed concept, are limited
to output temperatures of 120-130 C with a temperature lift of 50 C [Smit et al.,1994]. In this
study, we focus on high temperature heat pumps (> 130 C), because in this area the largest
potential of heat pumps in industrial processes exists.

The industrial branches that have the largest potentials for heat pump applications are those
sectors using relatively large amounts of hot water and low pressure steam produced by boilers
[Eichhammer,1995]. These sectors are pulp and paper, chemical, textile, food and beverages, and
timber and wood industries.

The most important high temperature heat pump types are [Eichhammer,1995]; Closed cycle
vapour compression heat pumps (electric and engine driven), heat transformer (a type of
absorption heat pump) and mechanical Vapour Recompression heat pumps

Performance
The performance of a heat pump is theoretically the product of the heat extracted from the heat
source and the energy needed to drive the cycle. The steady-state performance of an electric
compression heat pump at a given set of temperature conditions is referred to as the Coefficient
Of Performance (COP). It is defined as the ratio of heat delivered by the heat pump and the
electricity supplied to the compressor:

For engine and thermally driven heat pumps, the performance is indicated by the Primary Energy
Ratio (PER). The energy supplied is then the Higher Heating Value (HHV) of the fuel used. To
calculate a PER for electrically driven heat pumps, the COP has to be multiplied with the power
generation efficiency. The energy savings can be calculated using the PER values. A PER-value
of 2.0, for example, means that instead of 2.0 GJ energy, only 1.0 GJ is required. Energy savings
then are 50%. In the same way, a PER of 20 means energy savings of 95%.

Closed cycle vapour compression heat pump
The majority of heat pumps works on the principle of the vapour compression cycle. In this cycle,
the refrigerant is physically separated from the source (waste heat, with a temperature of T ) andin

user (heat to be used in the process, T ) streams, and is re-used in a cyclical fashion, thereforeout

called `closed cycle'. In the heat pump, the following processes take place:
1. In the evaporator the heat is extracted from the heat source to boil the refrigerant
2. The refrigerant is compressed by the compressor, raising its pressure and temperature
3. The heat is delivered to the condenser
4. The refrigerant pressure is reduced back to the evaporator condition in the throttling valve
Two kinds of closed cycle vapour compression heat pumps exist. The compressor of heat pumps
with a relative low capacity (up to about 1 MW) are mostly driven by an electric motor, where
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larger capacities usually use combustion engines. The COP of electrically driven heat pumps is
typical in the range of 2.5-5.0 [Stuij et al.,1994], although higher values have been achieved. With
a power generation efficiency of 40%, this equals the PER-range 1.0-2.0. The PER for engine
driven closed cycle heat pumps is typically in the range of 1.0-3.0 [Stuij et al.,1994]. A current
problem for high temperature closed cycle pumps is the unavailability of working fluids in the
temperature range of 100 to 140 C. To 120 C, no ideal replacement exists for R114 (a CFC)
and in the range from 120 to 140 C no working fluid is currently available [Eichhammer, 1995].
Research is directed at the development of new working fluids [Smit et al.,1994] and the
achievement of higher PER-values. The working fluids should be environmentally safe and should
be able to achieve condensing temperatures above 140 C, with larger temperature lifts than the
current working fluids.

In Japan, two high temperature vapour compression heat pumps has been developed at NEDO
(New Energy and Industrial Technology Development Organization). Both types are tested in a
pilot plant. For details, see Table 3.22.

Table 3.22. High temperature vapour compression heat pumps [NEDO,1993; Bosma,1993].

refrigerant COP T  ( C) T  ( C)in out

CF OH/water 3 50 1503

steam 3 150 300

The investment costs are assumed to be dependent on the size of the heat pump. Table 3.23 is
used to determine the investment costs. The O&M costs are assumed to be 2% of the investment
costs [Olsthoorn,1993].

Table 3.23 The range of investment costs for industrial heat pumps [Eichhammer, 1995].

25-500 kW 0.5-1 MW >1 MW
 [ECU/kW] [ECU/kW] [ECU/kW]

300-600 225-500 150-500
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Table 3.24. Summary of input data for electrically driven heat pumps for the ATLAS-project. The
energy savings are estimated using the PER values. Electricity generation efficiency is assumed
to be 40%.

1995 2000 2010

Technical Data
 Typical Size (kW) 100-2000 100-2000 100-2000
  Life-time (yr) 20 20 20
  Construction (yr) 2 2 2

Energy Data
 Fuel use (GJth) 0
 Electr. Use (PER) 1-2.0 1-3.0 1-4.0
 Primary Energy (GJth)
 Savings (%) 0-50% 0-67% 0-75%

Economic Data
 Investments (ECU/kW) 300-500 250-450 225-400
 Fixed O&M (ECU/kW) 6-10 5-9 4.5-8
 Variable O&M
(ECU/kW)

Environmental Data
 CO2 emissions 0 to -50% 0 to -67% 0 to -75%
 SO2, NOx emissions 0 to -50% 0 to -67% 0 to -75%
 Other emissions

Capacity EU  (numbers) about 2100 n.a. n.a.a

Capacity outside EU about 500 n.a. n.a.b

(numbers)
Remarks (based on)

a: Austria, Belgium, Germany, Greece, Netherlands, Norway, Sweden, UK. Source: [Stuij et al., 1994]
b: Canada, Japan. Source: [Stuij et al., 1994]
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Table 3.25 Summary of input data for engine driven heat pumps for the ATLAS-project. The
energy savings are estimated using the PER values. Electricity generation efficiency is assumed
to be 40%.

1995 2000 2010

Technical Data
 Typical Size (MW) 1-50 1-50 1-50
  Life-time (yr) 20 20 20
  Construction (yr) 2 2 2

Energy Data
 Fuel use (PER) 1.0- 1.0- 1.0-
 Electr. Use (PER) 2.5 3.5 4.5
 Primary Energy (GJth) 0 0
 Savings (%)

0-60% 0-70% 0-78%

Economic Data
 Investments (ECU/kW) 150-500 125-450 100-400
 Fixed O&M (ECU/kW) 3-10 2.5-9 2-8
 Variable O&M
(ECU/kW)

Environmental Data
 CO2 emissions 0 to -60% 0 to -70% 0 to -78%
 SO2, NOx emissions 0 to -60% 0 to -70% 0 to -78%
 Other emissions

Capacity EU  (numbers) about 300 n.a. n.a.a

Capacity outside EU about 20 n.a. n.a.b

(numbers)
Remarks (based on)

a: Austria, Belgium, Germany, Greece, Netherlands, Norway, Sweden, UK. Source: [Stuij et al.,1994]
b: Canada, Japan. Source: [Stuij et al.,1994]

Heat Transformer
A heat transformer works on the absorption principle. The system differs from the vapour
compression system as in the former the mechanical energy input is normally very small and the
principal external energy supply is in form of high temperature heat. The absorption cycle is a
closed system requiring two working fluids, a refrigerant and an absorbent [Eichhammer,1995].
These working fluids are usually ammonia/water, or water/lithiumbromide (LiBr). The mechanical
compressor as used in the vapour compression heat pump is replaced by two heat exchangers (the
absorber and the desorber) and a liquid pump. The advantage of heat transformers compared to
vapour compression heat pumps, is that they can be used for higher temperature applications, as
the limiting temperature in the absorber is about 150 C. The technical barrier is the restriction
in temperature lift. Also the quantity of heat supplied by the heat source must be larger than that
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of the heat needed at the heat sink side. After corrosion problems with a heat transformer in
Delfzijl (The Netherlands), in 1991, an adapted water/LiBr heat transformer was installed at the
Hoogovens steel mill in the Netherlands [CADDET,1993c; Voorter,1992]. The transformer
recovers heat from the 90 C cooling water of the hot strip mill. It produces low pressure steam
at 1.7 bar and 130 C. The total investment costs were 3.3 million ECU. About 60% of these
costs are for a 1.4 km pipeline and process adaptations. The O&M costs are about 6% of the cost
for the heat transformer. The electricity consumption for the heat transformer is 50 kW, the
output was 4.2 MW. The annual savings of natural gas are 132 TJ. Problems with corrosion have
not occurred in the 1991 model. New innovations and further developments enable 20-30%
savings on equipment costs for future installations [CADDET,1993c]. Payback times of 5 to 7
years will be possible for new installations. In a situation where the total costs for the
implementation of a heat transformer in an industrial process are 1.5 times the costs for the heat
transformer, the investment costs are estimated at 450 ECU/kW, in a 4.2 MW installation
[CADDET,1993c].

Research in the heat transformer area is aimed at new working pairs, increasing cycle efficiencies
and improving economics [Bosma,1993]. One of this new working pairs could be Alkitrate, a
combination of alkali metal nitrate salts and water that may be used at temperatures up to 260 C
[Smit et al.,1994]. Also different organic compounds are considered as possible working pairs in
high temperature heat transformers [Smit et al.,1994]. A new development is the combination of
absorption and compression cycles to hybrid constructions [Eichhammer,1995; Bosma,1993; Smit
et al.,1994]. This development can result in heat pumps with better performance, being higher
output temperatures and larger temperature lifts [Bosma,1993]. 



96

Table 3.26 Summary of input data for heat transformers for the ATLAS-project. The energy
savings are estimated using the Hoogovens case study. Electricity generation efficiency is
assumed to be 40%.

1995 2000 2010

Technical Data
 Typical Size (MW) 1-30 100-2000 100-2000
  Life-time (yr) 20 20 20
  Construction (yr) 2 2 2

Energy Data
 Fuel use (PER)
 Electr. Use (kW) 150 150 150
 Primary Energy (GJth)
 Savings (%) 90% 90% 90%

Economic Data
 Investments (ECU/kW) 450 400 350
 Fixed O&M (ECU/kW) 27 24 21
 Variable O&M (ECU/kW)

Environmental Data
 CO2 emissions -90% -90% -90%
 SO2, NOx emissions -90% -90% -90%
 Other emissions

Capacity EU (MW) 4.2
Capacity outside EU 9a

(number)
Remarks (based on)

a: Japan

Mechanical Vapour Recompression (MVR)
An MVR is an open or semi-open heat pump. In open systems, vapour from an industrial process
is compressed to a higher pressure (and thus a higher temperature). After condensing, heat is
given off. In semi-open systems, heat form the re-compressed vapour is transferred to the process
by means of a heat exchanger. In MVR-systems, the temperature lift is usually very small. The
COP-values are typically in the range of 5-25 in EU-15 [Stuij et al.,1994]. The most common
`working fluid' (the recompressed process vapour) is water, although other processes are used.
Nowadays, several MVR's are used. A 50 MW mechanical vapour recompression plant has been
successfully installed in the Netherlands [IEA,1996]. The installed capacity is 50 MW-heating and
44 MW-cooling, and has been in use since 1995, in a propane-propylene splitter at the Shell
chemical plant in Pernis (The Netherlands). The temperature difference over the column is only
10 C, achieving a COP of almost 10 (PER of  4.0), saving over 37 million m  (1.17 PJ) of natural3

gas per year. Also, the installation of the heat pump decreased the large amounts of cooling water
that were needed. The investment costs for open MVR-systems are about 90 to 150 ECU/kW for
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a 5 MW MVR and a 1 MW MVR respectively [Caddet,1989]. The O&M-costs are assumed to
be 2% of the investment costs [Olsthoorn,1993].

Table 3.27 Summary of input data for Mechanical Vapour Recompression heatpumps for the
ATLAS-project. The energy savings are estimated using the PER values. Electricity generation
efficiency is assumed to be 40%.

1995 2000 2010

Technical Data
 Typical Size (MW) 1-50 1-50 1-50
  Life-time (yr) 20 20 20
  Construction (yr) 2 2 2

Energy Data
 Fuel use (PER) 2-10.0 2-12.0 2-14.0
 Electr. Use (PER) 0 0
 Primary Energy (GJ)
 Savings (%) 50-90% 50-92% 50-93%

Economic Data
 Investments (ECU/kW) 90-150 80-150 75-150
 Fixed O&M (ECU/kW)
 Variable O&M
(ECU/kW)

Environmental Data
 CO2 emissions -50% to -90% -50% to -93% -50% to -93%
 SO2, NOx emissions -50% to -90% -50% to -93% -50% to -93%
 Other emissions

Capacity EU  (numbers) about 350a

Capacity outside EU about 2500b

(numbers)
Remarks (based on)

a: Austria, Belgium, France, Germany, Greece, Netherlands, Norway, Sweden, UK. Source: [Stuij et al.,1994]
b: Canada, Japan, USA. Source: [Stuij et al.,1994]
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3.3.4 High-Temperature CHP

By far most of the combined heat and power (CHP) systems used in industrial processes produce
steam, next to electricity. However, most of the heat in refineries and petrochemical industry is
needed in the form of direct heating instead of steam up to temperatures ranging from 300 - 800
 C. The potential for CHP in these sectors could be greatly enhanced if it could replace direct
heating in furnaces. For EU-15 the total heat demand for relevant furnaces in refineries and
petrochemical installations is given in Table 3.28. The assumption is that 67% of fuel demand is
needed for firing furnaces.

Table 3.28. Heat demand for furnaces in refineries and petrochemical industry in EU-15. Not
all furnaces that are relevant to high temperature CHP are shown, but the most important energy
consumers are shown.

Type of installation Fuel demand (PJ/year)

Crude oil distillation 465a

Catalytic cracking 292a

Catalytic reforming 217a

Naphta cracking 335b

a: 1994 figures, derived from [Oil and Gas,1994] and [Smit et al.,1994]
b: 1990 figures, derived from [Chem Facts,1991] and [Smit et al.,1994]

One option to implement CHP in the system is the so-called `repowering' option. In this option,
the furnace is not modified, but the combustion air fans in the furnace are replaced by a gas
turbine. The exhaust gases still contain a considerable amount of oxygen, and can thus be used
as a combustion air for the furnaces [Davidse and Roukema,1984]. The gas turbine can deliver
up to 20% of the furnace heat. Two of these installations are installed in the Netherlands, with a
total capacity of 35 MW  at refineries.e

Another option, with a larger CHP potential and associated energy savings, is `high-temperature
CHP' [Smit et al.,1994]. In this case, the total heat demand of the furnace is delivered by a CHP
plant. This option requires replacing the existing furnaces. This is due to the fact that the radiative
heat transfer from gas turbine exhaust gases is much smaller than from combustion gases, due to
their lower temperature [Smit et al.,1994]. A distinction is made between two different types
[Smit et al.,1994]. In the first type, the exhaust heat of a gas turbine is led to a `waste recovery
furnace', in which the process feed is heated. In the second type the exhaust heat is led to a `wast
heat oil heater' in which thermal oil is heated. By means of a heat exchanger, the heat content is
transferred to the process feed. In both systems, the remaining heat in the exhaust gases after
heating the process feed should be used for lower temperature purposes to achieve a high overall
efficiency. The second type is more reliable, due to the fact that a thermal oil buffer can be
included. The main difference is that in the first type the process feed is directly heated by exhaust
gases, where the second uses thermal oil as an intermediate, leading to larger flexibility.

An installation of the first type is installed in Fredericia, Denmark at a Shell refinery. The low
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temperature remaining heat is used for district heating. R&D has to be aimed at making detailed
design studies for specific refineries and the optimization of furnace design, and more
demonstration projects have to be carried out [Smit et al.,1994]. The technology may be widely
applied in the period after the year 2000, if the technology is demonstrated. Because of the
character of the technology, which demands major adaptations in the plants, complete
implementation will take several decades. Other industrial sectors needing direct heating in the
200-800 C range can also make use of high-temperature CHP. Examples are the dairy industry,
building brick industry (only on a small scale, for drying), bread bakeries and some parts of the
metal manufacturing industry [Smit et al.,1994].

The potential energy savings in refineries and petrochemical industry are calculated using the
following assumptions; about 80% of the fuel demand of the identified refineries (see Table 3.28)
can be replaced by high-temperature CHP [Smit et al.,1994]. This means that 780 PJ of heating
energy can be replaced. Using the assumptions given in Table 3.29 based on Asea Brown Boveri's
GT26 gas turbine, Smit et al. (1994) calculate for refineries that for 84 PJ of fuel demand to be
replaced, 2400 MW  of high-temperature CHP has to be installed. In EU-15 this means replacinge

of 780 PJ by approximately 22,300 MW . Using a power production efficiency of 40%, thise

results in energy savings of about 260 PJ. For the petrochemical sector, the same calculation can
be done, where 80% of the estimated 335 PJ is 270 PJ relevant heat demand, to be replaced by
7,700 MW  high temperature CHP. Primary energy savings are estimated at 110 PJ.e

Table 3.29 Assumptions used by Smit et al. (1994) for the calculations.

Parameter

Electrical efficiency of gas turbine (%) 38
Gas turbine radiative and generator losses (%) 1
Exhaust temperature of gas turbine ( C) 608
Temperature furnace inlet ( C)          200
Pinch at outlet of waste heat furnace ( C) 10
Efficiency reference power plant (%)       50
Efficiency conventional furnace (%)       90
Running time (h)                       8000

The capital costs for installing high temperature CHP instead of a conventional furnace are
estimated at about 540 ECU/kW  if the first system is used. These costs are higher than ae

conventional furnace, because additional investments are needed for the gas turbine and the waste
heat furnace. The second system may be more costly, for additional parts (like a thermal oil
buffer) have to be installed. Table 3.30 summarizes the data for high temperature CHP.
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Table 3.30 Summary of input data for high temperature CHP for the ATLAS-project. The energy
savings are estimated relative to a conventional furnace. Electricity generation efficiency is
assumed to be 40%. Exchange rate is assumed to be 0.44 Dfl/ECU.

1995 2000 2010

Technical Data
 Typical Size (kW )e

  Life-time (yr) 20 20 20
  Construction (yr) 2 2 2

Energy Data
 Fuel use (PJ/yr) 1300 1300 250
 Electr. Use (MW ) 0 0 -22300e

 Primary Energy (PJ/yr) 1300 1300 930
 Savings (%) 0% 30%

Economic Data
 Investments 540 500
(ECU/kW ) 9 8e

 Fixed O&M
(ECU/kW )e

 Variable O&M
(ECU/kW )e

Environmental Data
 CO2 emissions -0% -30%
 SO2, NOx emissions
 Other emissions

-0% -30%

Capacity EU (MW) n.a. n.a. n.a.
Capacity outside EU n.a. n.a. n.a.
(MW)
Remarks (based on) conventional HT CHP HT CHP
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