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Sammanfattning 
Uvån Hagfors Teknologi AB (UHT) har utvecklat en process – GRANSHOT® – för 
snabbstelning av metaller i vattenbad. I processen splittras – granuleras – flytande metall till 
droppar. Dropparna snabbkyls i ett vattenbad där hela värmeinnehållet från den flytande metallen 
överförs till vattnet. Granuleringen görs med stora metallflöden, normalt mellan 1 –  4 ton metall 
per minut. Energin som överförs från den flytande metallen till vattnet är mellan 300 – 400 kWh 
per ton beroende på vilken typ av metall och metalltemperatur som används vid 
granuleringstillfället. I normal tillämpning tillåts vattnet värmas upp till 60oC som sedan kyls till 
omgivningstemperatur i förångningskyltorn eller i värmeväxlare. Mot bakgrund av kraftigt ökade 
energipriser och i vissa fall begränsad tillgång på energi kan det vara intressant att ta tillvara på 
den energi som i GRANSHOT®-processen växlas från den flytande metallen till vatten. 

Syftet med projektet är att analysera förekommande energiflöden i GRANSHOT®-processen 
samt att utvärdera olika metoder att tillvarata den utvecklade energin. Utredningen innehåller 
ekonomiska analyser av innebörden av en installation av den mest lämpade återvinningsmetoden 
samt en enklare layoutdesign av en granuleringsanläggning med konceptet implementerat.  

En utförlig förstudie är genomförd för att utreda vilka krav som ställs på olika befintliga 
energiåtervinningstekniker samt vad de kan leverera. Möjligheten att på något sätt anpassa olika 
befintliga energigenereringsmetoder för att producera elektricitet i GRANSHOT®-processen 
utvärderas också. 

Den mest lämpade energiåtervinningsmetoden för GRANSHOT®-processen visade sig vara en 
produkt kallad Powerbox utvecklad av företaget Opcon som bygger på den organiska Rankine 
cykeln. Studier av effekterna av en implementerad Powerbox-teknik i en högkapacitets 
granuleringsanläggning med ett årligt tonnage på 3 miljoner ton visar att 10 Powerbox-enheter 
behövs för att hantera de stora vattenflödena. Trots att verkningsgraden uppskattas till endast 
omkring 4 % och investeringskostnaderna är så höga som 100 miljoner kronor är 
återbetalningstiden så kort som från drygt 2 år till omkring 5 år med dagens elpriser. 
Återbetalningstiden är starkt beroende av elpriset, och därför också av var i världen 
granuleringsanläggningen är placerad. Projektet har också resulterat i en layout konstruktion 
modellerad i CAD-programmet Solid Works som visar de viktigaste komponenterna samt 
flödesvägarna i granuleringsanläggningen. 
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Abstract 
Uvån Hagfors Teknologi AB (UHT) has developed a process – GRANSHOT® – for quick 
solidification of metals in water baths. In the process liquid metal is splintered – granulated – 
into small drops. The drops are rapidly cooled in a water bath where all the heat energy from the 
liquid metal is transferred into the water. The granulation is often performed with great metal 
flows, normally 1-4 tonnes of metal is granulated per minute. The energy that is transferred from 
the liquid metal to the water is about 300 – 400 kWh per tonne depending on type of metal and 
current metal temperature in the granulation process. In normal applications the water is allowed 
to gain a temperature of 60°C before it is cooled to the surrounding temperature in cooling 
towers or in heat exchangers. Because of drastically increasing energy prizes and in some cases 
lack of energy resources, it is very interesting to try to recover the energy the water contains. 

The purpose of the project is to perform a study of the energy flow in the GRANSHOT®-process 
and analyse different methods to make use of the developed energy. The investigation contain 
analyses of the economical consequences of an eventual implementation of the most suitable 
method in the GRANSHOT®-process and a simple layout design of a granulation facility with 
implemented energy recovery technology. 

An extensive pre-study is executed to investigate different types of existing energy recovery 
technologies and what they need to operate. The possibility to modify different electricity 
production technologies to suit an implementation in the GRANSHOT®-process are also 
investigated. 

The most suitable energy recovery technology for the GRANSHOT®-process was found to be a 
product built on the Organic Rankine Cycle (ORC) called Powerbox, developed by the Swedish 
company Opcon. When analysing the effects of a Powerbox installation in a high capacity 
granulation facility with a yearly tonnage of 3 million tonnes the big water flows results in a 
need of 10 Powerbox-units.  Despite an estimated efficiency of only around 4 % and investment 
costs as high as around 100 million SEK, the repayment time is as short as from just over 2 years 
up to around 5 years. The repayment time is depending on the electricity prizes, and thereby in 
which country the facility is situated. The project has also resulted in a basic layout modelled in 
a computer aided design program, displaying key components and water flow paths. 
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NOMENCLATURE 
CHAPTER INTRODUCTION 
In this chapter symbols and abbreviations are listed with following description and in which 
section they are introduced.  

 

Notations 
Symbol Description     Unit  Introduced in 

TΔ   Temperature difference    K  Section 2.1.1 

ε   Work per unit mass     Nm/kg  Section 2.2.1 

q   Heat per unit mass     J/kg  Section 2.2.1 

Q&   Heat flow     W  Section 2.2.2 
m&   Mass flow     kg/s  Section 2.2.2 

pc   Specific heat at constant pressure  J/(kg⋅K) Section 2.2.2 
ϑ   Temperature difference   K  Section 2.2.2 

1η   Temperature efficiency   -  Section 2.2.2 

2η   Temperature efficiency   -  Section 2.2.2 
θ   Temperature difference   -  Section 2.2.2 

Kη   Isentropic compressor efficiency  -  Section 2.2.2 
h   Specific enthalpy     J/kg  Section 2.2.2 

Φ   Coefficient of heating performance  -   Section 2.2.2 
p   Pressure      Pa  Section 2.2.5 

T   Temperature      K  Section 3.2.1 

V&   Volumetric flow    m3/s  Section 3.2.1 

w   Velocity     m/s  Section 3.2.1 

z   Height above a chosen reference level m  Section 3.2.1 
ρ   Density     kg/m3  Section 3.1.1 
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Abbreviations 
CAD  Computer Aided Design     Section 1.4 

FeNi  Ferro Nickel       Section 2.1.2 

FeMn  Ferro Manganese      Section 2.1.2 

FeSi  Ferro Silicon       Section 2.1.2 

FeCr  Ferro Chrome       Section 2.1.2 

GPI®  Granulated Pig Iron      Section 2.1.2 

ORC  Organic Rankine Cycle     Section 2.2.1 

DH  District Heating      Section 2.2.2 

CHP  Combined Heat and Power Generator   Section 2.2.2 

DC  District Cooling      Section 2.2.3 

LCA  Life Cycle Assessment     Section 2.3 

2gCO eq  Grams Carbon Dioxide equivalent    Section 2.3 

PFD  Process Flow Diagram     Section 3.2.2 
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CHAPTER 1 

1 INTRODUCTION 
CHAPTER INTRODUCTION 
This chapter describes the background, the purpose, the limitations and the method used during 
the project. 

1.1 Background 
Uvån Hagfors Teknologi AB (UHT) has developed a process – GRANSHOT® – for quick 
solidification of metals in water baths. The process is used in ferro-alloy -, iron - and steel - 
industries.  

In the process liquid metal is splintered – granulated – into small drops – granules – in sizes from 
1 to 50 mm in diameter. The drops are rapidly cooled in a water bath where all the heat energy 
from the liquid metal is transferred into the water. 

The granulation is often performed with great metal flows. Normally 1-4 tonnes of metal is 
granulated per minute in batches of 5 - 1300 tonnes at a time. 

In most of the existing applications batches of 20 - 100 tonnes is continuously granulated with an 
interval of a couple of hours. 

In the past years the GRANSHOT®-process has also become interesting for continuous 
granulation of pig iron from furnaces with flows corresponding to a yearly tonnage of 1 - 3 
million tonnes. 

The energy that is transferred from the liquid metal to the water is about 300 – 400 kWh per 
tonne depending on type of metal and current metal temperature in the granulation process. 

In normal applications the water is allowed to gain a temperature of 60°C before it is cooled to 
the surrounding temperature in cooling towers or in heat exchangers.  

Because of drastically increasing energy prizes and in some cases lack of energy resources, it is 
very interesting to try to recover the energy that the water contains. 

1.2 Purpose 
The purpose of the project is to perform a study of the energy flow in the GRANSHOT®-process 
and analyse different methods to make use of the developed energy. The investigation shall 
contain analyses of the economical consequences of an eventual implementation of the most 
suitable method in the GRANSHOT®-process.  

The study should especially focus on the possibility to transform the energy into electricity. The 
demands for the transformation have to be identified, and the parameters concerning the degree 
of efficiency should be described. The goal is to design a principal facility for this application 
and evaluate investment and operational costs.  

1.3 Delimitation 
The goal with the project is to find a method or a solution for energy recovery in the 
GRANSHOT®-process. Certain delimitations have to be defined to reach the goal. The main 
delimitation is that the project should result in a method for energy recovery and not in a fully 
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operating plant. The developed layout construction shall only consist of key components and not 
of a fully detailed design.  

1.4 Method 
A pre-study on how to recover the thermal energy from the heated process water was carried out. 
The pre-study includes literature studies of existing solutions for reusing surplus heat, e.g. 
district heating or conversion of thermal heat from the process water to mechanical work which 
can generate electricity, and how to implement them to the GRANSHOT®-process. The pre-
study also includes a study of the energy flows in the process, an evaluation of the possible use 
for the energy and economical consequences for the usage.   

The main task of this work is to evaluate the possibility to transform the surplus heat into 
electricity. A requirement specification is carried out to specify the demands of the energy 
transformation. To implement the recovery of surplus heat in the GRANSHOT®-plant a layout 
construction of the necessary components are designed in a three dimensional CAD program, 
Solid Works. The layout construction should not interfere with the basic design of the 
GRANSHOT®-plant. A parameter study of the water flows, water temperature and the 
granulation rate are carried out to describe different effects on the efficiency. Investment costs 
and operation cost are calculated to provide information whether the recovery of surplus heat is 
profitable.  

1.5 Chapter overview 
CHAPTER 1 – INTRODUCTION – describes the background, the purpose and the limitations of 
the project, followed by the practiced method.  

CHAPTER 2 – FRAME OF REFERENCE – presents a summary of existing knowledge and 
former performed research on the subject handled in this thesis. 

CHAPTER 3 – METHOD – describes the working process.  

CHAPTER 4 – ANALYSIS AND RESULT – presents a comparison between the data compiled 
in the empirical research described in the method chapter with the existing theory presented in 
the frame of reference chapter.   

CHAPTER 5 – CONCLUSION – presents the conclusions that the authors has drawn during the 
work.   

CHAPTER 6 – DISCUSSION AND RECOMMENDATION – the conclusions that the authors 
has drawn during the project and how future work in this field should proceed, are discussed in 
this chapter. 

CHAPTER 7 – REFERENCES – lists of the references that have been studied during the project.  

APPENDIX A – WATER FLOW REQUIREMENTS 

APPENDIX B – ELECTRICITY PRICE FOR INDUSTRIES 
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CHAPTER 2 

2 FRAME OF REFERENCE 
CHAPTER INTRODUCTION 
This chapter presents the theoretical reference frame that is required for the research. The 
reference frame is a summary of the existing knowledge and former performed research on the 
GRANSHOT®-process and the subject waste heat recovery. 

2.1 GRANSHOT®-process 
In integrated steelmaking, from blast furnace via steel plant to finished product, an 
implementation of the GRANSHOT®-process has shown to be an attractive supplement as a 
backup facility whenever downstream facilities are down for some reason. It can also be 
effective as a producer of granulated pig iron, granulated steel, or utilizing blast furnace or steel 
plant excess capacity [1]. The products from the GRANSHOT®-process are excellent raw 
material for internal use as well as for external sales [1]. 

To evaluate the possibility for energy recovery of waste heat in the GRANSHOT®-process a 
study of the process and its water and metal flows is executed. By identifying the energy flows in 
the process and its heat contents, an evaluation of the most suitable energy recovery for the 
GRANSHOT®-process can be executed.  

2.1.1 Granulation system 
The GRANSHOT®-system is designed for granulation of large batches of liquid metal at a rate 
of 1-4 tonnes/minute [1]. The equipment setup and the water and metal flows are visualised in 
Figure 1.  

 

Figure 1. A typical GRANSHOT® setup. 

In the first step of the process liquid metal from e.g. a blast furnace is poured directly from a 
torpedo car (railcar transporting molten metal from the blast furnace to the steel plant) or from a 
transfer ladle into the tundish. The tundish is placed over a granulation tank filled with water. 
The tundish is provided with an outlet nozzle that is placed over the centre of the granulation 
tank, over a specifically shaped ceramic stone called sprayhead.  
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The metal level in the tundish is kept steady by keeping the in- and outgoing flow equally. In 
case of an overflow in the tundish, an emergency launder is leading the liquid metal away to 
avoid an uncontrolled, concentrated and large-scale contact with the water, which could result in 
a vapour explosion.  

When the metal is emerging from the tundish nozzle, the stream of metal strikes the ceramic 
sprayhead. The metal is splintered into small droplets that fall into the water bath in the 
granulation tank, where the droplets are cooled and solidified to granules. In this process almost 
all the energy in the liquid metal is transferred into the water. The energy has to be distributed to 
the water in a way securing that the power concentration is less than the critical concentration for 
vapour explosions [2]. The heated water is transported to a hot well, where it is cooled in heat 
exchangers or cooling towers and then returned to a cold well, from where water is pumped into 
the granulation tank to provide sufficient cooling. The temperature difference between the heated 
water and the cooling water (ΔT) as well as the metal flow rate are critical parameters when 
determining the required water flow. 

The solidified granules are transported away from the granulation tanks lower end through a 
specially designed air/water ejector, on to a vibrating dewatering screen [1]. On this screen the 
sediment is separated from the granules, and the granules are either fed on to a conveyor belt and 
transported to a storage area, or fed into a rotary dryer. 

2.1.2 Product 
Metals granulated at present time are mainly Ferro-alloys (FeNi, FeMn, FeSi, FeCr), pig iron and 
steel, but granulation of other metals such as silver, copper and aluminium is also to be found.  

Common characteristics for all granulated metals are a chemical composition almost identical to 
the liquid metal [1], and a size and deformed spherical shape that are well suited for most 
material handling systems [3] such as storage and dosage systems. The product is also inert 
during shipping and storage [3]. 

Granulated ferro-alloys are attractive alloying materials used in metallurgical processes. The 
product shows properties such as minimum oxide content and chemical homogeneity [3]. 

Granulated pig iron, GPI®, possesses the same above-mentioned physical and chemical 
advantages. [3] Compared to traditional solidified excess iron, the product is superior as prime 
raw material in internal steelmaking operations [2] as well as for external sales.  

2.2 Recovering low-grade surplus heat 
Low-grade surplus heat has not been beneficial to recover until a couple of years ago, due to low 
energy costs. With increasing energy costs and energy consumption it has started to be a 
lucrative market to supply methods for low-grade energy recovery. It is both beneficial for the 
industries and for the environment, lowering energy costs and the greenhouse impact. In the 
following chapters different technologies for recovering low-grade energy is described. 

2.2.1 Organic Rankine Cycle (ORC) 
The ORC-technology makes it possible to transform low-grade heat sources into electricity. The 
Swedish company OPCON has adopted the ORC-technology, and a product called Powerbox has 
been developed. OPCON are now marketing the Powerbox and an energy recovery plant has 
been built at the thermal heat plant in Eskilstuna with this technology.  

BACKGROUND 
In recent years the electricity prizes has increased significantly at the same time as the 
environmental discussion has become more intense. An accelerated consumption of fossil fuels 
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has caused several different environmental problems, such as global warming, atmospheric 
pollution and ozone layer destruction [4]. Low enthalpy containing heat resources such as 
geothermal energy and solar power has been considered as possible replacement candidates for 
the fossil fuel [4]. One of the most effective technologies developed for the recovering of the 
energy in these low-grade heat sources is built on the so-called Organic Rankine Cycle (ORC). 

There are other available low-grade heat resources, such as commonly wasted surplus heat from 
several industrial processes. This waste heat contributes to the thermal pollution, and is thereby 
an environmental problem [5]. The situation is even more critical in countries with limited 
natural resources. An implementation of the ORC-technology in those industries would 
contribute with positive environmental and economical effects. 

TECHNOLOGY OF THE ORGANIC RANKINE CYCLE 

A schematic sketch of the Rankine cycle is presented in Figure 2, where εp is the required work 
per unit mass for the pump, εt the produced work per unit mass from the turbine, qin the supplied 
heat for the process and qout is the rejected heat from the condenser.  

 

Figure 2. Schematic sketch of a Rankine cycle. 

Electrical power is usually generated in processes based on the Rankine cycle with water as a 
working fluid [6]. The ORC-system is a power system using an organic working fluid with a low 
boiling point instead of water with a high boiling point. The expansion of the organic working 
fluid in the turbine ends in the gas phase above condenser temperature, instead of in the wet 
steam region as for water [6]. An internal heat exchanger is often used to improve the efficiency 
[6]. 

In general, recovery of low-grade waste heat (below ~300-400 °C) is not economically feasible, 
and this kind of heat is thereby released and becomes a source of environmental pollution [7]. 
The main advantage of the ORC process is its ability in recovering waste heat from media 
containing low enthalpy. Power generation using an ORC-system is thereby profitable due to 
economical utilization of the energy and reduced emission of CO2 [7]. 

The properties of the working fluid affect the efficiency of the system. As well as for 
conventional vapour cycles, the efficiency of the energy conversion in the ORC is limited by the 
irreversibility due to entropy changes of the system and due to environmental changes during 
various stages of the cycle [7]. To identify the most suitable working fluid the following criteria 
has to be taken under consideration [6]. 
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• The thermodynamic properties of the fluid. 

• Stability of the fluid and compatibility with materials in contact. 

• Safety, health and environmental aspects. 

• Availability and costs. 

Each process in the organic Rankine cycle presented in Figure 2 can be described as follows [4]: 

Process 1 → 2 (pump): 

The circulation pump is sustaining the pressure difference in the system. The saturated working 
fluid is leaving the condenser at low pressure, and is given a higher pressure in the pump.  

Process 2 → 3 (evaporator): 
This is an isobaric process where the evaporator heats the working fluid at the pump outlet to the 
turbine inlet condition, while the pressure is kept constant. The working fluid reaches a 
superheated or saturated vapour state.  

Process 3 → 4 (turbine): 
The superheated or saturated vapour passes through a turbine to generate mechanical power that 
can be converted into electricity.  

Process 4 → 1 (condenser): 
In this isobaric process the vapour condenses from its gaseous form to its liquid state. Heat is 
emitted and the cycle starts over. 

2.2.2 District heating 
District heating offers an environmental-friendly solution for energy recovery from waste heat, 
and it is therefore an interesting possibility for energy recovery in the GRANSHOT®-process. 

District heating is usually produced in a thermal power station (owned and operated by a 
municipal company) where water is heated by fuel combustion. Other ways to heat up the water 
is by using an electrical heater or by using waste heat from industries [8]. The heated water is 
then distributed through a pipe network to households, municipal facilities and industries.  

BACKGROUND 
District heating (DH) is often described as a technology for residential heating with a great 
potential for fuel savings and thereby low emissions of carbon dioxide (CO2) [9]. Many process 
industries are big energy consumers, which leads to negative environmental effects e.g. global 
warming. Since most of the consumed energy comes from electricity utilisation, which is 
produced from fossil fuels [10], the environmental impact increases. Due to greater knowledge 
about climate changes, the industries, politicians and civil population are starting to realize that 
energy recovery is very important for a sustainable development [11].  

The following definitions are used in the text: 

• Waste heat – heat that cannot be utilised directly in the industrial process. 

• Primary waste heat – waste heat that can be utilised directly in district heating network, 
80 – 120 °C [12]. 

• Secondary waste heat – waste heat with such a low temperature that it must be upgraded 
by heat pumps before it can be utilised in district heating networks, 20 – 50 °C [12]. 

In Table 1 the use of district heating, TWh/year, in Sweden is described. 
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Table 1. Use of district heating in Sweden, 1971-2006, TWh/year, [13]. 

Use of district heating 

Year 1971 1976 1981 1986 1991 1996 2001 2006 

Industry - 1.7 3.0 3.6 3.6 4.4 4.5 5.5 

Residential, service, etc 12.8 20.0 25.4 33.0 34.3 41.0 40.6 42.0 

Final use 12.8 21.7 28.4 36.6 37.9 45.4 45.1 47.5 

Losses 3.1 5.6 7.6 8.5 6.9 8.9 5.8 7.9 

Total use 15.9 27.3 36.0 45.1 44.8 54.3 50.9 55.4 

As shown in Table 1 the usage of DH in Sweden has increased rapidly since the introduction of 
DH in the early seventies. It is interesting and noteworthy that the total consumption of DH has 
been nearly constant during the past ten years.   

Table 2 presents the energy input for district heating, TWh/year, in Sweden. Notable is that peat 
is included in the group consisting of biofuels. The rationale behind this is that, contrary to fossil 
fuels, peat is constantly renewed, but it grows significantly slower than renewable fuels [9]. 

Table 2. Energy input for district heating, 1971-2006, TWh/year, [13]. 

Energy input for district heating 

Year 1971 1976 1981 1986 1991 1996 2001 2006

Oil 15.5 25.8 29.5 13.9 5.1 9.2 4.1 3.2 

Natural gas, including LPG - - - 0.3 3.1 4.0 3.2 2.2 

Coal, including coke oven gas, b-f gas - 0.0 1.2 12.9 7.7 5.0 2.0 3.2 

Biofuels, waste, peat, etc. 0.3 1.3 2.7 8.5 12.4 24.8 27.4 36.2

Electric boilers - 0.1 0.8 1.9 6.2 1.7 1.7 0.3 

Heat pumps - - - 5.3 7.4 6.9 7.6 5.6 

Waste heat - 0.1 1.4 2.4 3.0 2.8 4.9 4.6 

Total input 15.9 27.3 36.0 45.1 44.8 54.3 50.9 55.4

As shown in Table 2 the total energy input has increased from 1971 to 2006. Energy input 
consisting of biofuels and waste heat has increased significantly while the energy input 
consisting of fossil fuels has decreased during the same period. 

District heating offers several advantages compared to other types of residential heating 
technologies [14]. One reason is that DH offers great flexibility regarding the use of primary 
energy sources, including the possibility to use industrial waste heat [9]. When industrial waste 
heat cannot be used as a primary energy source for district heating it is possible to use the waste 
heat as a secondary energy source. It is then possible to utilise cheap fuels such as peat, industrial 
refuse, cropland residues and harvesting residues for upgrading the secondary energy source into 
a primary energy source by using a heat pump [15]. The cheap fuels cannot be used as primary 
energy for DH because of their low energy content, it would require such a big amount of fuel 
that it would not be profitable [9]. 

In major industries there are many different processes that emits a lot of waste heat. In these 
cases it could be profitable to, if possible, connect the different waste heat sources and provide 
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the DH-plant with primary energy instead of secondary energy. Another possibility is to provide 
the DH-plant with both secondary waste heat and primary waste heat as shown in Figure 3. 

 

Figure 3. Schematic sketch for waste heat flows. 

DISTRICT HEATING WORLD WIDE 
District heating is often associated with big investment costs and a cold climate. Therefore it is 
more preferable to utilize waste heat for DH in Nordic countries or in countries with a cold 
winter season since the investment cost for DH are high. In warmer countries it is more 
beneficial to use a combined heat and power generator (CHP). The combined heat and power 
generator can both supply process steam for the industry, electricity and primary heat for a DH-
network [9]. The district heat can be utilized during the night when the outdoor temperature 
drops. A schematic sketch for energy flows in a CHP-plant is illustrated in Figure 4. 

 

Figure 4. Schematic sketch of energy flows in a combined heat and power generator. 

COMBINED HEAT AND POWER GENERATOR 
In [9] a co-operated and jointly owned CHP-plant is described and how it can be profitable. The 
meaning is that different process industries would own and operate a CHP-plant together and 
draw economical benefits from it. Since the investment costs are high for a CHP-plant it is in 
great interest for industries to own and operate the plant together. A traditional CHP-plant does 
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not supply process steam for the industries and is often owned by municipal companies. This 
means that the industries must buy all of their electricity and produce their own process steam. 
The energy flows in a traditional CHP-plant is illustrated in Figure 5. 

 

Figure 5. Schematic sketch of energy flows in a traditional CHP-plant owned by a municipal company. 

REQUIRED COMPONENTS 
In order to enable district heating from the surplus energy emitted by the GRANSHOT®-process 
two key-components has to be designed. The first key-component is a heat exchanger, which 
transfers the heat content in the granulation water into another fluid. The fluid is then transported 
to a heat pump, which is the second key-component. In the next two paragraphs background 
theory for the required key components is presented. 

Heat exchangers 
There are three types of heat exchangers, recuperative, regenerative and evaporative.  

In a recuperative heat exchanger the working fluids are separated with a solid wall through 
which the heat exchange occurs, see Figure 6.  

 

Figure 6. Principal sketch of a recuperative heat exchanger, where the inlet and outlet flow are completely separated. 

The second type of heat exchanger is the regenerative in which the working fluids by turns are 
flowing through a chamber filled with a filling material. When the heated fluid flows through the 
filling material the material absorbs the heat and when the cold fluid is flowing through the 
material the material emits heat to the fluid, see Figure 7.  
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Figure 7. A regenerative heat exchanger where the filler material is rotating by turns through the inlet and outlet 
chamber.  

Cooling towers are an example of evaporative heat exchanger. Evaporative exchanger works 
with convection and vaporisation, Figure 8. 

 

Figure 8.  A cooling tower is an evaporative heat exchanger. 

The following equations that are defined for the heat exchanger refers to recuperative counter 
flow heat exchangers, since they have the best heat transfer capacity. In Figure 9 the principle of 
a counter flow heat exchanger is illustrated. 
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Figure 9. Recuperative counter flow heat exchanger with belonging temperature graph [16]. 

The net rate of heat-transfer, heQ& , can be calculated according to Eq. (1). Index 1 and 2 defines 
the two working fluids. 

 ( ) ( )
1 2he p pQ m c m c= ⋅ ⋅Δ = ⋅ ⋅Δ& & &  (1) 

where m&  is the mass flow, cp is the specific heat at constant pressure for the fluids and Δ  is the 
temperature change for the fluids, Figure 9. 

The temperature efficiencies for the heat exchange, 1η  and 2η , are defined according to Eq. (2) 
and (3) 

 1
1η θ

Δ
=  (2) 

 2
2η θ

Δ
=  (3) 

where θ  is the inlet temperature according to Figure 9. 

Heat pump 
A heat pump works with a vapour compression cycle [16]. In Figure 10 a schematic sketch over 
a general heat pump for DH is presented.  
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Figure 10. The vapour compression cycle. 

The secondary industrial waste heat is led to the evaporator where the heat is transferred to the 
cooling media, which is vaporized. The vapour is led through a compressor and then led to a 
condenser where the heat from the cooling media is transferred to the DH-water. The DH-water 
is running in a closed system, which means that after transferring its heat to households or other 
facilities it is led back to the condenser. The waste heat deposit is either led back to the industry 
or to a water treatment plant for further handling. 

Industrial waste heat that has been heat pumped can be transported long distances without 
loosing its heat content, approximately 7 TWh is delivered from heat pumps. This makes it 
possible for industries to provide DH to municipals that do not have access to industrial waste 
heat for DH in their own municipal. 

The formulas that can be used to calculate the heating performance and the efficiency for a heat 
pump are collected from [16]. A schematic sketch of a heat pump and its working cycle is shown 
in Figure 11. 

 

Figure 11. The heat pump cycle.  

The contributed heat, heq , from the heat exchanger is defined according to Eq. (4), 
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 he d aq h h= −  (4) 

where ah and dh  are the enthalpies for the working fluid before and after the evaporator, Figure 
11. 

The required technical work for the compressor can be calculated according to Eq. (5), 

 K c dh hε = −  (5) 

where ch  is the enthalpy for the working fluid after the compressor. The enthalpy after the 
compressor can be calculated as shown in Eq. (6), 

 ,c is d
c d

K

h h
h h

η
−

= +  (6) 

where ,c ish  is the isentropic enthalpy after the compressor and Kη  is the degree of efficiency for 
the compressor. 

The emitted heat, DHq , from the condenser is defined according to Eq. (7) and is the heat that 
will contribute to district heating, 

 DH c bq h h= −  (7) 

where bh  is the enthalpy for the working fluid after the evaporator. 

To calculate the heating performance for the heat pump, Φ , Eq. (8) is used. 

 DH

K

q
ε

Φ =  (8) 

In order to design an energy recovery plant for converting surplus heat from the GRANSHOT®-
process into district heating the design and performance for the heat exchangers and the heat 
pump must be carried out. 

2.2.3 District cooling 
District cooling, DC, works with the same principal as district heating, but instead of a constant 
heat supply to households, municipal facilities and industries cooling is supplied. Instead of that 
every facility has its own cooling system, DC is supplied from a central DC-plant [17] and 
distributed through a pipe network. The DC-plant can be operated with many different resources 
and effective methods. When the cooled water reaches the real estates or industries the water 
temperature is about 6 °C [17]. The DC is then often connected with the facilities internal 
cooling system through a heat exchanger that provides the facilities with cooling. District 
cooling is both beneficial for the facility owner and for the environment [17]. 

BACKGROUND 
Sweden’s first DC-plant was taken in use 1992 [18] in Västerås [13]. In 2008 there is about 30 
DC-plants operating in Sweden and produces DC corresponding to 770 GWh [13]. In Table 3 the 
supply in GWh of DC in Sweden is described from 1992 to 2006. It is noteworthy that the 
biggest cities in Sweden (Stockholm and Gothenburg) did not have any DC-network before 1996 
though the potential and need of DC is greater in big cities compared to smaller ones. 
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Table 3. Supply of district cooling, 1992-2006, GWh [13]. 

Supply of DC 

City Supplier 1992 1994 1996 1998 2000 2002 2004 2006

Stockholm 
Nacka 

Fortum Värme AB - - 34.0 120.0 202.4 314.2 324.3 401.5

Solna  
Sundbyberg 

Norrenergi - - 7.1 13.3 23.1 52.5 54.5 69.2 

Lund Lunds Energi AB - - 0.6 9.9 23.7 47.0 43.8 57.3 

Göteborg Göteborg Energi AB - - 4.0 6.5 18.4 28.6 35.1 50.6 

Västerås Mälarenergi AB 1.2 11.8 17.5 15.7 18.2 25.4 25.1 27.9 

Uppsala Vattenfall Värme - - - 6.7 16.9 22.7 22.6 25.0 

Linköping Tekniska Verken i 
Linköping AB 

- - - 0.5 4.4 18.5 22.2 28.4 

Huddinge 
Botkyrka  
Salem 

Södertörns 
Fjärrvärmeaktiebolag 

- - - 1.5 6.9 16.6 15.4 18.4 

Helsingborg Öresundskraft AB - - - - 2.7 13.2 12.9 15.7 

Others  - 1.1 7.5 4.5 19.6 59.0 63.8 83.2 

Total supply   1.2 6.7 70.6 178.6 336.3 597.7 619.6 777.1

Subscribers  1 6 128 302 441 788 n.a. n.a. 

District cooling can be produced with a variety of technologies, which often is combined for a 
higher efficiency suitable for the local conditions [19]. To produce both DC and DH in the same 
plant is preferable since there are no need for cooling when there is need for heating and the 
other way around. The most common technologies [19] for producing DC from waste heat are 
absorption cooling and usage of heat pumps. 

ABSORPTION COOLING 
Absorption cooling is a technology that uses the heat energy that emerges when DH is produced 
[19]. This means that it is possible to use DH for producing DC with an absorption cooling 
system. An absorption cooling system is not that effective, and therefore it requires access to 
cheap DH, e.g. waste heat from industries or waste incineration, to make the DC profitable [20]. 

An absorption cooling system has great similarities with a compressor driven cooling machine 
[20], but the difference is that the absorption cooling system is driven by heat energy. Both types 
of cooling machines have a condenser and an evaporator, but instead of a compressor the 
absorption-cooling machine has an absorber, a circulation pump and a generator. The principal 
of an absorption cooling system is shown in Figure 12. The water that is used for DC is cooled in 
the evaporator, where water is vaporized at a temperature of 3 °C. This is possible by boiling the 
water with a great underpressure of 0.01 bars [20]. The heat energy used for the vaporisation 
comes from the water that is to be cooled. 
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Figure 12. Principal sketch of the absorption cooling process. 

The water steam that is produced in the evaporator is transferred to the absorber where the steam 
is absorbed by a lithium bromide solution. Lithium bromide has the characteristic to absorb 
water with great force. The solution consisting of lithium bromide and water (from the water 
steam) is continuously pumped to the generator. The lithium bromide solution is heated with e.g. 
DH to a temperature of 30 °C. With the reigning pressure the generator, around 0.1 bar, the water 
in the solution is vaporized and transferred back to the condenser. The lithium bromide solution, 
now without any water, is transferred back to the absorber. 

The water steam is cooled in the condenser where it is condensed. After the condenser the water 
is transferred back to the evaporator where it once again collects heat from the water that is to be 
cooled. To operate the absorption cooling system heat is required and a small amount of 
electricity to the pump that is transferring the lithium bromide solution. 

HEAT PUMPS FOR DISTRICT COOLING 
Heat pumps can both produce heating and cooling at the same time and is today the most 
common technology for producing DC in Sweden [19]. A heat pump works with a similar 
process as a refrigerator (vapour compression cycle [16]) and consists of a substantial 
compressor. The compressor is driven by electricity, and a production ratio between the 
electricity consumption and the produced heat is one to three. This means that for every unit 
electricity that is consumed, three units of heat are produced [21]. In Figure 13 a principal 
scheme for a heat pump for both DH and DC is illustrated. 
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Figure 13. Principal scheme for a heat pump system. 

A heat pump collects heat from e.g. waste heat, which leads to a temperature decrease of the 
waste heat, which can be used for DC. By making use of the cold water the heat pump process is 
more effective, and a well-tuned heat pump can produce three units of heat and two units of 
cooling for every unit of electricity that is consumed [21]. 

2.2.4 Energy cells 
In context with energy recovery of low-grade waste heat, a new method built on the use of 
energy cells is mentioned. According to a new and relatively unknown Swedish company called 
Exencotech a developed prototype has been tested with good results.  

In the so-called energy cells small volume changes that occurs inside a closed cell when a 
material is transforming from its solid to its liquid state can be transformed into kinetic energy. 
Exactly how the technique works is though yet a secret, and an actual operating product seems to 
belong to the future [22]. 

2.2.5 Pressure vessel 
An alternative method to utilize the energy in the waste heat is to use the same technology used 
in the nuclear and coal power industries – in other words vaporize water in a closed vessel, 
which results in a high pressure and generate electricity in a steam turbine.  

Usually a vapour power system is a closed system, where the steam is condensed and returned to 
the turbine. In the granulation process the tank has to have a gate where the granules can be 
collected. In this gate some water is also passing through, and the system can hereby not be seen 
as closed.  
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The water level in the tank has to be kept constant to obtain a proper result of the product. As 
some of the water is vaporized and some of it lost when gathering up the granules, the water 
level will sink. Therefore the tank has to be supplied with water from a well.  

As mentioned the pressure in the tank, 2p  in Figure 14, has to be kept very high to enable 
electricity production. Therefore the pressure, 1p , in the ladle as well as the cooling water 
pressure, 4p , has to be even higher to inject the liquid metal and the cooling water into the tank. 
The pressure, 3p , in the ejector also has to be regulated to maintain a controlled flow of the 
granules. These pressures are all related, and the regulation of them seems to be close to 
impossible. 

 

Figure 14. Conceptual sketch of a granulation system working as a vapour power system. 

2.3 Carbon footprint data 
In the environmental discussion the amount of released carbon dioxide and other greenhouse 
gases – the so-called carbon footprint – is often used when comparing how much damage various 
products and processes are causing the environment. An issue with the estimated values of the 
carbon footprint is that different investigations take different stages of the process under 
consideration. As an example nuclear power is often said to be completely free from carbon 
dioxide emissions, which is true during the energy production. But if taking other stages of the 
life cycle – such as emissions during extraction, construction, maintenance and decommissioning 
[23] – under consideration, the emissions can be claimed to be significant. How the life cycle 
analysis is made is seldom told, but the values presented in this chapter are all collected from the 
same report [23], and are all calculated using a method called life cycle assessment (LCA) and 
are therefore comparable. The LCA-method takes into account energy inputs and emission 
outputs throughout the whole production chain, from exploration and extraction of raw materials 
to processing, transporting and final use [23]. 
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The carbon footprint is expressed as grams of carbon dioxide equivalent ( 2gCO eq ) per kilowatt-
hour of generation ( 2gCO eq kWh ). The 2CO  equivalent accounts for the different global 
warming effects caused by both the carbon dioxide and other existing greenhouse gases.  

The carbon dioxide emissions from different electricity generation processes are presented in 
Table 4. 

Table 4. Carbon footprints of common electricity generation processes. 

Electricity generation process Fuel Carbon footprint [ 2gCO eq kWh ] 

Coal combustion systems Coal (fossil fuel) ∼1000 

Oil-fired systems Oil (fossil fuel) ∼650 

Gas powered systems Gas (fossil fuel) ∼500 

Biomass Organic material 
∼93 (low density) 

∼25 (high density) 

Solar cells Sun energy 
∼58 (northern Europe) 

∼35 (southern Europe) 

Hydropower systems Kinetic energy from 
flowing water 

∼10-30 (Storage schemes) 

< 5 (Run-of-river schemes) 

Wind power systems Wind energy 
∼ 4.64 (onshore) 

∼ 5.25 (offshore) 

Nuclear Uranium or plutonium ∼ 5 
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CHAPTER 3 

3 METHOD 
CHAPTER INTRODUCTION 
In this chapter the working process is described.  

3.1 Requirement specification 
A requirement specification is carried out to evaluate the demands on the energy recovery from 
surplus heat in the GRANSHOT®-process. The purpose with the specification is to ensure that 
the energy recovery plant does not interfere or conflict with the performance of the granulation 
plant. The requirements are listed below and divided into two categories, technical and 
economical requirements. 

3.1.1 Technical requirements  
• The energy recovery plant must not in any way affect the performance of the granulation 

plant negatively. 

• Battery limits for the energy recovery plant are drawn in such way that the distribution of 
the product that emerges from the recovery plant is not included in the scope of work.  

• The energy recovery plant should easily be integrated without any major reconstructions 
of the GRANSHOT®-plant. 

• Energy recovery should be optional for the client that is purchasing the granulation plant 
with the possibility to upgrade the granulation plant with an energy recovery plant at any 
time without reconstructing the whole plant. 

• In case of a breakdown in the energy recovery plant it is important to design the plant 
with redundancy to meet hundred percent availability of the granulation plant.   

3.1.2 Economical requirements 
• The product produced in the energy recovery plant should generate an economical profit 

from either selling the product on the public market or for internal use at the steel plant. 

• The repayment time for the energy recovery investment costs should not be more than 7 
years. 

3.2 Energy and material flows in the GRANSHOT®-process 
To investigate how various running configurations of the granulation process are affecting the 
need of cooling water and the characteristics of the heated water, an energy balance of the 
complete system is made. The equations used for the energy balance calculations are collected 
from [16]. The important flows and their most notable variables are presented in Figure 15. 
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Figure 15. The flows in the granulation process with important variables displayed. 

3.2.1 Energy balance 

The heat content, or specific enthalpy 0
,T Meh , of a material as a function of the temperature T is 

calculated according to Eq. (9), 

 ( )0 0
, 298 ,

298

T

T Me K Me ph h c T dT= + ∫  (9) 

where 0
298 ,K Meh  is the standard enthalpy in J/mol for each substance in the metal at 298 K, for 

which data is available in thermodynamic literature in [24]. The specific heat at constant 
pressure, cp,Me, is calculated according to Eq. (10), where a, b and c are characteristic coefficients  
of the element and its physical state, based on literature data from [24]. 

 2
,p Me Me Mec a b T c T −= + ⋅ + ⋅  (10) 

The temperature of the liquid metal depends on the type of metal and the running configurations 
of the process. The solid metal is always assumed to keep a temperature of 100 °C. 

By adding the calculated values of the specific enthalpy for each substance and weight the value 
contra the proportion of the substance in the metal, the total enthalpy for the specific metal at the 
current temperature can be determined. 

By calculating the heat content for both the liquid and solid metal ( 0
,liquidT Meh  and 0

,productT Meh ), the 
released heat from the metal when cooling down in the water can be expressed as the difference 
between the two values, MehΔ , according to Eq. (11). 
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 0 0
, ,liquid productMe T Me T Meh h hΔ = −  (11) 

For an open system at steady state, the heat per unit mass (q) can be written with the first law of 
thermodynamics as shown in Eq. (12).  

 ( ) ( )2 2
2 1 2 1 2 1

1
2tq h h w w g z zε= + − + ⋅ − + ⋅ −  (12) 

As the medium does not perform any technical work, the term tε  can be set to zero. Assumed 
that the velocity and height terms (w1, w2, z1, and z2) do not affect the system, Eq. (12) can be 
expressed as only a function of the specific enthalpies as presented in Eq. (13). 

 , ,liquid productMe T Me T Me Meq h h h= − = Δ  (13) 

Since the heat per unit mass depends on the heat flow Q&  and the mass flow rate, in this case the 
granulation rate Mem& , as shown in Eq. (14), 

 Me
Me

Me

Qq
m

=
&

&
 (14) 

Eq. (13) can be expressed as Eq. (15). Assuming a system free of losses all the energy is released 
into the water and the relationship Me waterQ Q=& &  is known, where waterQ&  is the needed water-
cooling effect. 

 ( ) ( )Me Me Me water water waterQ m h m h Q= ⋅ Δ = ⋅ Δ =& && &  (15) 

 

Assuming constant pressure, a constant specific heat of the water ( ( )4.18 kJ kg K≈ ⋅ ) and a 

constant density ( 31000 kg m≈ ), the enthalpy change of the water is depending on the 
temperature difference between the heated water and the cooling water ( waterTΔ ) as expressed in 
Eq. (16). 

 ( ) ,water p water waterh c TΔ = ⋅Δ  (16) 

Eq. (15) can hereby be expressed pursuant to Eq. (17). 

 ,water water p water waterQ m c T= ⋅ ⋅Δ& &  (17) 

Since the relationship between the mass flow rate waterm&  and the volumetric flow rate waterV&  
behave as presented in Eq. (18), Eq. (17) can be expressed as Eq. (19), where ρ  is the density.  

 m V ρ= ⋅&&  (18) 

 ( )
, ,

Me Mewater
water

water p water water water p water water

m hQV
c T c Tρ ρ

⋅ Δ
= =

⋅ ⋅Δ ⋅ ⋅Δ

& &&  (19) 

Since there are facilities granulating different kinds of metals, these calculations are executed 
both for pig iron, steel and ferro-nickel. The chemical analysis of the metals examined is 
presented in Table 5. 
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Table 5. The analysed metals and their chemical composition. 

Proportion of elements in the examined metals 

Metal %C %Si %Cr %Ni %Mn %Fe 

Pig Iron 4.5 0.5 0.03 0.04 0.3 94.63 

Steel 0.03 1 18 14 2 64.97 

Ferro-
nickel 

0.05 0.03 0 25 0 74.92 

The substances, their standard enthalpies and characteristic coefficients used in Eq. (9) and (10)
are presented in Table 6 and Table 7. 

Table 6. Standard enthalpies and characteristic coefficients for the most relevant elements in a liquid metal. 

Literature data, liquid material 

Material Molar 
mass 

Standard enthalpy, 
0
298 ,K Meh  [ k J Mol ] 

a b c 

Carbon C 12.011 0 17.154 0.00427 -878600 

Silicon Si 28.090 48.472 27.196 0 0 

Chrome Cr 52.000 26.104 39.33 0 0 

Nickel Ni 58.690 8.322 38.911 0 0 

Manganese Mn 54.940 16.28902 1.70⋅10-13 46.024 0 

Iron Fe 55.850 13.129 35.4 0.00375 0 

Table 7. Standard enthalpies and characteristic coefficients for the most relevant elements in a solid metal. 

Literature data, solid material 

Material Molar 
mass 

Standard enthalpy, 
0
298 ,K Meh  [ k J Mol ] 

a b c 

Carbon C 12.011 0 17.154 0.00427 -878600 

Silicon Si 28.090 0 23.933 0.00247 -414000 

Chrome Cr 52.000 0 24.435 0.00987 -368000 

Nickel Ni 58.690 0 12.535 0.0358 247000 

Manganese Mn 54.940 0 0.01566283 22.4 0 

Iron Fe 55.850 0 17.489 0.0248 0 

The table values of the standard enthalpy are divided with the molar mass and converted to 
J kg .  

By changing the temperature of the liquid metal and the temperature difference between the 
heated water and the cooling water ( waterTΔ ), different results for the required volumetric flow 
rate ( waterV& ) of the water and its energy content can be calculated.  



 23

3.2.2 Process flow diagram 
A process flow diagram, PFD, of the GRANSHOT®-process is arranged. The PFD indicates the 
general flow of the process water and plant processes including required equipment. The purpose 
with the PFD is to evaluate were it is suitable to incorporate the energy recovery in the 
GRANSHOT®-process. In Figure 16 a general PFD for a 3 million tonnes per year (granulation 
rate) GRANSHOT®-plant without any incorporated energy recovery is illustrated. When 
granulating this amount of metal three granulation-units are required, two active and one in 
standby. By studying the PFD for a general plant setup in Figure 16, new flow paths for the 
process water with implemented energy recovery utilization may be located. 

 

Figure 16. PFD for a 3 million tonnes GRANSHOT®-plant. Two active granulation units, one in standby. 

The PFD in Figure 16 includes cooling water feed pumps, feed pumps for the granule discharge 
system, granulation tanks with included dewatering screens, a hot well with separation for 
suspended solids and cooling towers with a cold well. The heated water in the granulation tank is 
led to a hot well. The suspended solids in the hot water are separated, and the water is pumped to 
cooling towers and then further on to a cold well. From the cold well the water is pumped back 
to the granulation tank with the flow rate necessary to supply sufficient cooling effect. The water 
for the granule discharge systems is fed from the hot well since there is no temperature 
requirement for the discharge water. The water carries the granules to the dewatering screen 
were the granules are dewatered and the discharge water is led back to the hot well via a 
sedimentation tank.  

3.3 Concept study 
Five different energy recovery concepts were presented in the Frame of Reference Chapter – 
Organic Rankine Cycle, District Heating, District Cooling, Energy cells and Pressure vessel. 
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Four different granulation configurations shall if possible be studied when analysing the effect of 
an implementation of the different energy recovery concepts. Every granulation configuration is 
given a changeable parameter, ΔT, which can vary between 20 and 30 ˚C. The purpose with the 
changeable ΔT is to show the big influence this parameter has on the need of cooling water – 
high ΔT equals a lower cooling water flow while a low ΔT equals a higher flow. In Table 8 the 
running configurations that will be studied are presented. 

Table 8. Granulation configurations for which the effect of an implementation of the Powerbox-technology is 
evaluated. 

Case Metal Yearly tonnage [tonnes]

Case 1 Pig iron 3 million 

Case 2 Pig iron 1 million 

Case 3 Ferro nickel 200 000 

Case 4 Steel 100 000 

Since one of the main goals is to evaluate the possibility to convert the surplus energy to 
electricity, a meeting with two representatives from the Swedish company Opcon, producer of 
the ORC Powerbox-technology, was arranged in order to gather more information regarding the 
technology.  
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CHAPTER 4 

4 ANALYSIS AND RESULT 
CHAPTER INTRODUCTION 
In the analysis chapter the data compiled in the empirical research described in the method 
chapter is compared to the existing theory presented in the frame of reference chapter.   

4.1 Concept evaluation 
The different methods for energy recovery of waste heat in the GRANSHOT®-process is 
studied. After studying the concepts closer and carrying out some calculations the concepts pros 
and cons can be assembled and weight against each other in a concept evaluation. 

4.1.1 Powerbox technology 
During the literature study of the ORC-cycle, the Swedish environmental technology group 
Opcon was found to be the world-leading developer and manufacturer of ORC-technology for 
surplus heat recovery. If nothing else is mentioned all information presented in this chapter about 
their product – Opcon Powerbox – is collected from a meeting with Manuel Swärd, Business 
Development Director, and Henrik Öhman, Technical Director, at Opcons headquarter in Nacka, 
Stockholm, at the 29th of august 2008. 

TECHNOLOGY 
The Powerbox offers great flexibility due to their unique module based solution. Each unit is 
mounted on a standard Opcon Powerbox skid which is easy to transport and to plug in. The skid 
is constructed in a manner that makes stacking of Powerbox-units possible. Every required 
component for electricity production is mounted on the skid including the automatic control 
system that consists of an electrical cabinet. 

The Powerbox is an ORC-system for electricity generation from waste heat in water with a 
temperature from 55 to 95°C. Depending on the process requirements, the Powerbox can be 
designed for either maximum electricity production or for maximum cooling effect of the 
process water. If maximizing the cooling effect the need of other cooling equipment can be 
eliminated, and thereby provide profits in the shape of decreased energy consumption in the 
granulation facility. The optimal relation between electricity production and cooling effect has to 
be determined before designing the Powerbox-system. When designing the system following 
attributes can be modified to achieve the proper result: 

• Single, parallel or series installation of Powerbox-units 

• Temperature difference between the cold and warm side in the Powerbox heat exchanger. 
A low temperature difference maximizes the efficiency. By connecting several 
Powerbox-units in series and recover some energy at each stage, the electricity 
production can be maximized. 

• Depending on the temperature of the process water, different working media in the ORC 
can be chosen to maximize the electricity production. 

Data for two different granulation setups was handled to Opcon for an evaluation of the 
possibility to implement the Powerbox-technology in the GRANSHOT®-process. The 
granulation rate for the setups where set to 8 tonnes respective 2 tonnes per minute, which results 
in a required volumetric water flow of 4000 respective 1100 m3/h.  To handle the big water flows 
parallel installations of Powerbox-units are required according to a first draft from Opcon. 
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Opcons calculations shows that 10 respective 2 Powerbox-units are required to handle the water 
flow. The relation between flow rate and the amount of needed Powerbox-units is told to be 
close to linear – which from this data means that each unit can handle from 550 to 670 m3/h – 
but an exact value the flow one Powerbox can handle has not been given away, and the higher 
value is therefore assumed to be the maximum permitted. According to the draft from Opcon, the 
effect generated from those two cases would be 4.2 respective 1.4 MW at ideal conditions. This 
means that each Powerbox can produce around 0.7 MW in net effect, which accord with other 
data presented by Opcon (650 kW of net effect per Powerbox at multiple installations, not 
included pumps etc.). These presented data are depending on the available cooling water 
temperature, which often varies over the year. In these calculations a temperature of 3°C in the 
winter, 15°C in the summertime and 9°C in the spring and autumn was assumed by Opcon. Since 
this is the only data available it is assumed that the cooling water temperature consist with the 
above mentioned in all cases where calculations in this report are made regarding energy 
recovery with the Powerbox-technology. This is not valid all over the world, and before fully 
determining the possible generated effect for a specific facility the values of the temperatures has 
to be adapted to the specific location of the plant. 

The need of cooling water flow to a Powerbox is about 50 to 100% greater than the process 
water flow depending on the temperatures. It is therefore of great importance to make sure 
sufficient amount of cooling water can be supplied to the energy recovery units. 

ECONOMY 
The investment cost varies from 7 to12 million SEK per Powerbox, depending on the quality of 
the process water from which the energy shall be recovered, and the cooling water leading to the 
Powerbox.  

Continuous maintenance of the Powerbox is necessary to keep the lifetime as long as possible. 
Opcon assume a minimum lifetime of 15 to 20 years if the maintenance is preformed properly. 
The required maintenance is quite simple and the cost of this factor is therefore negligible in this 
context. 

4.1.2 District heating 
District heating offers a great potential in recovering the surplus heat that emerges from the 
GRANSHOT®-process. The benefits with DH is that it is a well proven technology for energy 
recovery of waste heat and has been adapted in many heavy industries which supplies DH to 
municipals, with low energy costs for the consumers as a consequence. The components that are 
required to supply DH consist of heat exchangers, a heat pump and a complex piping system. 
The recovery plant for DH can easily connect other processes within the industry that emits 
surplus heat and then heat pump the waste heat and distribute it to municipals.  

In general the main drawback of an integrated DH facility inside the industry is the long-term 
contract that is set up between the supplier and the municipal. The supplier agrees to deliver a 
certain amount of energy to the municipal over a long period without knowing whether they have 
the same amount of surplus energy available over the whole period. The long term contracts that 
are established between the industry and the municipal is found to be necessary because of the 
high investment costs for constructing and building a DH network including piping and 
installations. 

There is also a kind of rivalry between municipals and heavy industries that has a lot of waste 
heat energy. The rivalry problem is that the industry has a lot of waste heat that can be 
transformed into DH while many municipals has installed their own combined power and 
heating plant and incinerator plant which produces DH to the residents within the municipal. 
This rivalry situation takes the consequence that a lot of waste energy that could be utilized from 
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the industries can now be seen as just industrial waste, regardless the requisite of DH in the 
municipal. 

In chapter 2.2 equations for the potential to convert the surplus heat that is emitted from the 
GRANSHOT® process is defined. The equations give the background theory on how heat 
exchangers and the heat pump needs are calculated. To determine the amount of energy that can 
be transformed into DH numerous factors must be taken under consideration. The equations 
presented in chapter 2.2 for the heat exchanger are simplified and gives only a hint of how to 
calculate the performance of a heat exchanger. Suppliers of counter flow heat exchangers, e.g. 
the Swedish company Alfa Laval, has developed special calculation tools in form of computer 
software to calculate necessary performance and appropriate plate material. The reason for this is 
that the plates in a heat exchanger are made out of corrugated plates that creates a perfect 
turbulence for the media flow, which results in a good heat transmission. In order to design the 
required heat exchanger the easiest thing to do is to ask for a detailed inquiry from a supplier that 
offers tailor made heat exchanger solutions for the specified project. To design the required heat 
pump for DH a feasibility study is necessary, since all heat pumps in this field are tailor made. 
Therefore no results of the design and capacity for heat exchangers and the heat pump can be 
presented. 

Despite that DH is a suitable alternative for energy recovery in the GRANSHOT®-process it is 
rejected due to some of its drawbacks.  

‐ To provide waste heat from the granulation process to a DH facility it is more effective to 
connect other processes within the industry, that also have a surplus of energy that can 
contribute with energy for district heating. This is because of the big amount of energy that is 
needed for a district-heating network.  

‐ The high investment cost and the long-term contracts between the industry and the 
municipal. 

‐ DH is only suitable in countries with a northern climate, and is therefore not suitable as an 
energy recovery method in the GRANSHOT®-process, since the majority of the 
customers/granulation plants are located in warmer countries.  

4.1.3 District cooling 
District cooling works with the same principle as district heating. The required equipment for 
implementation of DC in the GRANSHOT®-process is also similar to the ones needed for DH. 
The benefit with DC is that it produces both heating and cooling at the same time. Nevertheless 
it has the same drawbacks as DH and is therefore rejected. 

4.1.4 Energy cells 
The energy cell solution from the Swedish company Exencotech offers a new solution for waste 
heat recovery. The principle is to use volumetric changes when a material goes from its liquid 
phase to its solid phase to enable technical work. This solution has not been tested and evaluated 
and there seems to be a lot of work and research left to enable this kind of technology. 

4.1.5 Pressure vessel 
In the GRANSHOT®-process the granulation tank could – hypothetically – be built as a steam 
boiler, and a steam turbine could be connected directly to the tank. However this implementation 
results in several problems due to the requirements of the turbine. A high pressure has to be kept 
in the granulation tank, and the steam point temperature for the water is therefore also very high. 
When granulating, the energy in the liquid metal is transferred into the water. When the water 
has gained a sufficient temperature the water transforms from liquid state to gaseous state, which 
results in an expansion and therefore an increase of the pressure in the tank. A steam valve to the 
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turbine will open when sufficient pressure is obtained, and the turbine will generate mechanical 
work that can be transformed to electricity by a generator.  

The complexity in designing the granulation tank as a pressure vessel makes this solution hard to 
realize, due to the high pressures that is needed inside of the granulation tank. Except for 
constructional issues there are a lot of other problems that must be solved to realize this method. 
A lot of the issues belong to safety aspects for the granulating operators. The Pressure Vessel 
could be an interesting alternative to investigate more thorough in the future. 

4.1.6 Concept summary 
A summary of each concepts pros and cons is shown in Table 9. The table is based on the 
gathered information of the concepts, and the most suitable concept is chosen for further analysis 
and layout implementation in the GRANSHOT®-process. 

Table 9. Compilation of different technologies for energy recovery. 

ORC-Powerbox DH DC Energy cells Pressure vessel 

+ - + - + - + - + - 

Generates 
electricity 

More than 
one 
Powerbox 
is required 

Well proven 
technology 

Only 
beneficial 
for 
countries 
with cold 
climate 

Well proven 
technology 

Emits both 
heat and 
cooling  

Generates 
electricity 
from low-
grade 
waste heat 

New 
unproven 
technology 

High 
efficiency 

High 
investment 
costs 

Parallel or 
series 
connection 

Low 
efficiency 

Simple The request 
is higher in 
the winter 
time when 
the asset is 
low 

Simple Only 
suitable in 
counties 
with both 
winter and 
summer 
climate 

 Lots of 
research for 
this 
technology 
is required 

Fully 
incorporated 
in the 
GRANSHOT
®-process 

High 
pressures 
and 
therefore 
dangerous if 
breaking 
down 

Module 
based and 
possible to 
stack 

Only one 
existing 
reference 
plant 

High 
efficiency 

Very high 
investment 
cost 

Can be 
combined 
with DH 

Very high 
investment 
costs 

 No existing 
solution 

Generates 
electricity 

Advanced 
automatic 
control 
required 

No 
surrounding 
equipment 
required 

High 
investment 
costs 

 Low-grade 
waste heat 
must be heat 
pumped 

 Long term 
delivery 
contracts 

   Difficult to 
realize and 
to construct 

Energy 
recovery 
from 55°C 
waste heat 

  Long term 
delivery 
contract 

      

Tailor made 
for 
electricity 
optimization 

         

Low 
maintenance  

         

Works as a 
heat 
exchanger 
for the 
process 
water 

         

Based on the information arrayed in Table 9 the Powerbox-technology is decided to be the most 
interesting concept to investigate closer and implement in a layout design of a granulation 
facility. 
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4.2 Powerbox 
The main goal of this project was to evaluate the possibility to transform surplus heat into 
electricity. Since the Powerbox-technology is decided to be the most interesting concept for 
further investigations, analyses of the effect of an implementation are made from an energy point 
of view, an environmental point of view and an economical point of view. A basic layout with 
implemented Powerbox-units are assembled. 

4.2.1 Energy recovery evaluation 
When evaluating the Powerbox-concept calculations are made for four different possible 
GRANSHOT®-setups, which are all described in Table 10. 

Table 10. Granulation configurations for which the effect of an implementation of the Powerbox-technology is 
evaluated. 

Case Metal Yearly tonnage [tonnes]

Case 1 Pig iron 3 million 

Case 2 Pig iron 1 million 

Case 3 Ferro nickel 200 000 

Case 4 Steel 100 000 

The maximum granulation rate when granulating pig iron is restricted to 4000 kg/min per 
granulation tank due to the demands on the shape and size of the granules when solidifying. If 
increasing the granulation rate above the limit of 4000 kg/min, the water will locally gain such 
high temperature that the metal will form big clusters instead of small granules. To be able to 
produce 3 million ton per year, assumed 8400 available active hours, it is necessary to run two 
granulation processes parallel to avoid exceeding this limit. 

For a yearly tonnage of 1 million tonnes one granulation tank setup is enough if assuming 8400 
granulation hours.  

When granulating ferro nickel and steel, the maximum granulation rate is yet not known since 
these facilities never granulate with a continuous flow but in batches. The granulation rate is 
seldom exceeding 2500 kg/min, and the need to increase it has not yet been encountered. In these 
two setups one granulation tank is enough to reach the desired yearly production. 

Since granulation facilities most of the time is run in rates close to maximum the number of 
Powerbox-units is selected so that the biggest possible water flow – which is found when the 
highest possible granulation rate is applied – can be handled by the boxes. The volumetric water 
flow is calculated according to Eq. (19). How the water flow depends on the granulation rate, the 
casting temperature and the temperature difference ΔT is investigated in order to evaluate the 
possibility to optimize the granulation settings for an implementation of the energy recovery. 

Since one Powerbox-unit can deliver around 0.7 MW at ideal conditions, the maximum yearly 
amount of produced electricity when granulating with maximum rate for 8400 hours can be 
calculated. However the yearly tonnage in the 4 setups does not require full granulation rate all 
year around. The mean granulation rate over the year if granulating for 8400 hours can be 
calculated, and thereby also the mean water flow rate and the mean need of Powerbox-units. 
When this is known it is simple to multiply the mean value of the needed number of Powerbox-
units with the effect generation per Powerbox – 0.7 MW – and with the yearly number of active 
hours – 8400 – to determine the actual annual electricity production. It can also be of interest to 
calculate how much of the installed Powerbox capacity that is utilized by comparing the number 
of installed Powerbox-units with the mean value of the required number. 
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The effect contributed to the water from the liquid metal is calculated according to Eq. (15). By 
comparing this effect with the effect delivered by the Powerbox-units, the efficiency of the 
energy recovery plant can be determined. 

RESULTS 
The results of an implementation of the Powerbox-technology are evaluated in the 4 potential 
granulation configurations. The different cases are shown in Table 11.  

Table 11. Evaluated cases. 

Case Metal Yearly tonnage [tonnes] Casting temperature [°C] 

Case 1  Pig iron 3 million 1300 

Case 2 Pig iron 1 million 1300 

Case 3 Ferro nickel 200 000 1600 

Case 4 Steel 100 000 1600 

The 3 million-tonnage granulation plant requires two granulation tanks to reach the production 
goal. If all setups are working with maximum capacity for an assumed maximum amount of 
8400 available active hours per year the results presented in Table 12 are obtained. The 
calculated number of required Powerbox-units is rounded off upwards to make sure the units can 
handle the complete water flow. Since the temperature difference can be modified within 
reasonable limits with a change in running parameters as a result, the calculations are executed 
for both a setup working with a ΔT of 20°C and one of 30°C to determine the effects on the 
energy recovery. 

Table 12. Results of the calculations made for the 4 potential GRANSHOT®-setups with implemented Powerbox-
technology working with maximum granulation rate for 8400 hours per year. 

Case Metal Maximum 
granulation rate, 

Mem&  

[tonnes/min] 

Temp. 
difference, 
ΔT [°C] 

Water volumetric 

flow rate, waterV&  

[m3/h] 

Number of Powerbox-
units needed to handle the 
water flow 

Produced energy from the 
Powerbox-units 
[MWh/year] 

Case 1 Pig iron 4*2 20/30 6540/4360  10/7 58800/38400 

Case 2 Pig iron 4 20/30 3270/2180 5/4 28800/19200 

Case 3 Ferro nickel 2.5 20/30 2290/1520 4/3 20200/13400 

Case 4 Steel 2.5 20/30 2470/1650 4/3 21800/14500 

 

Since the GRANSHOT®-process often is run at maximum capacity, the amount of Powerbox-
units presented in Table 12 is required to handle the big water flows and thereby recover as much 
as possible of the waste energy stored in the water. However the facility is sometimes also still. 
If determining what mean granulation rate is needed to reach the yearly production rate – 
assuming 8400 active hours per year – the mean values of the water flow and amount of required 
Powerbox-units can be calculated. From these results the actual yearly amount of produced 
electricity in the energy recovery units can be determined. The results of these calculations are 
presented in Table 13. 
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Table 13. Results of the calculations made for the four GRANSHOT®-cases assuming mean granulation rate. 

Case Yearly 
tonnage 
[tonnes/year] 

Contributed 
energy 
[GWh/year] 

Mean 
granulation 

rate, Mem&  

[ton/min] 

Temp. 
difference, 
ΔT [°C] 

Mean water 
volumetric 
flow rate, 

waterV&  [m3/h] 

Mean value 
of needed 
Powerbox-
units 

Utilized 
capacity of 
installed 
Powerbox-
units [%] 

Produced 
energy from 
Powerbox-units 
[MWh/year] 

1 3 milj 949 6 20/30 4860/3240  7.29/4.89 73/70 42900/28800 

2 1 milj 316 2 20/30 1620/1080 2.43/1.62 49/41 14300/9500 

3 200 000 71 0.4 20/30 362/242 0.54/0.36 16/16 3200/2100 

4 100 000 38 0.2 20/30 196/131 0.30/0.20 7/7 1700/1200 

Comparing the values of the temperature difference and the produced energy from Table 12 it 
indicates that a lower temperature difference results in a bigger need of cooling water and hence 
a bigger amount of recovered energy. The number of needed Powerbox-units however becomes 
greater, with higher investment costs as an effect. The relation between produced energy and 
investment costs thereby has to be studied in a techno economical evaluation to determine the 
optimal configuration. 

From Table 13 it can be concluded that a greater yearly tonnage results in greater utilization of 
the installed Powerbox-capacity. This is because of a mean granulation rate closer to the 
maximum, and thereby a more continuous granulation rate over the year. In case three and four 
the mean granulation rate is far below the maximum, and such low rates are never applied in 
reality. GRANSHOT®-facilities with such settings are granulating intermittent in rates close to 
maximum. The standstill time is therefore very long, and the utilized capacity of installed 
Powerbox-units is very low. 

The efficiency of the energy recovery facility is determined by comparing the value of the 
contributed energy with the energy produced in the Powerbox-units. The results are presented in 
Table 14. 

Table 14. The efficiency of the energy recovery in the evaluated cases with concerned data. 

Case Contributed energy 
[GWh/year] 

Temp. difference, 
ΔT [°C] 

Produced energy from 
Powerbox-units [MWh/year] 

Energy recovery 
efficiency [%] 

1 949 20/30 42900/28800 4.5/3.0 

2 316 20/30 14300/9500 4.5/3.0 

3 71 20/30 3200/2100 4.5/3.0 

4 38 20/30 1700/1200 4.5/3.2 

The energy recovery efficiency was calculated to be in the range 3-4.5 % for all four cases, 
depending on the temperature difference. The economical and environmental profits if 
implementing the energy recovery plant in the granulation facility has to be further investigated 
and analysed. Considering the great amount of energy that is consumed in the granulation 
facility, both the economical and environmental effects can be expected to be significant despite 
the low efficiency of the energy recovery plant.  

To investigate whether it is possible to change some of the granulation settings in order to 
decrease the required water flow and thereby decrease the number of needed Powerbox-units, the 
dependency between the volumetric water flow, the granulation rate, the casting temperature and 
the temperature difference ΔT is studied. The results from the different cases are presented in the 
form of graphs, see Figure 17 and Appendix A.  
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Figure 17. Cooling water flow, y-axis (m3/min), requirements at different granulation rates and various temperature 
differences. The calculations are made for pig iron with a casting temperature of 1300°C, for which the maximum 

allowed granulation flow rate is 4000 kg/min. 

From the graphs it can be established that the most effective parameter to decrease if trying to 
reduce the volumetric water flow is the granulation rate. By lowering the granulation rate, less 
energy is transferred into the water, and thereby less cooling water is needed to keep the process 
water temperature within its boundaries. As an example Figure 17 presents the required water 
flow as a function of the temperature difference, ΔT, when granulating with three different rates. 
By running the process in 2000 kg/min instead of in the maximally allowed rate of 4000 kg/min 
the required water flow is halved from 40 to 20 m3/min with a maintained ΔT. The granulation 
rate is however often regulated by upstream blast furnaces, and is therefore very complicated to 
change. 

The temperature difference between the heated and the cooling water is apparently contributing 
with quite great effects on the water flow as shown in the results. By allowing a higher 
temperature of the process water or if having access to cooling water with a lower temperature 
the volumetric water flow can be decreased, Figure 17. As shown in Table 12 and Table 13, the 
amount of recovered energy is decreased with a lower flow. The optimum relation between the 
water flow – and thereby the number of needed Powerbox-units – and the amount of recovered 
energy has to be analysed in a techno economical evaluation for each case. 

Only minor effects are obtained by changing the casting temperature of the liquid metal. This 
parameter is also difficult to control and only small changes can be allowed without affecting the 
granulation process. 

In summary big water flows is preferred if wanting to maximize the utilization of the Powerbox-
units. However big water flows is leading to bigger investment costs since a bigger amount of 
units is required. The granulation running configurations can be modified to optimize the relation 
between the investment costs and the electricity production.  
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4.2.2 Environmental evaluation 
Data of the carbon footprint developed with the LCA-method for a Powerbox-unit has not been 
found. To make a complete environmental evaluation this value is needed. However the energy 
recovery process can be said to be completely free from emissions since the electricity is 
generated from heat that otherwise would have been wasted. This extra electricity will reduce 
greenhouse gas emissions as an effect of a decreased production of marginal electricity in carbon 
based power plants. The marginal electricity is according to the Swedish energy authority the 
electricity production that is added or disappears when other electricity production is phased out 
or added. Today the marginal electricity in Sweden consists of imported electricity generated in 
coal power plants with great environmental impact. The electricity generated in the Powerbox-
units will thereby contribute with a reduction of greenhouse gas emissions equivalent to the 
amount emitted when generating the same amount of electricity in a coal power plant. The 
carbon footprint for a coal combustion system is – according to Table 4 – about 1000 

2gCO eq kWh , which equals 1 2tonne CO eq MWh . 

The environmental profits for installing an energy recovery plant in form of Powerbox-units are 
described in Table 15. It can be seen that the reduction of greenhouse gas emissions if 
implementing the technology in the GRANSHOT®-process would be significant. 

Table 15. Reduction of greenhouse gas emissions. 

Case Temp. difference, ΔT 
[°C] 

Produced energy from Powerbox-
units [MWh/year] 

Reduced amount of greenhouse 
gas emissions 2tonnesCO eq year  

1 20/30 42900/28800 42900/28800 

2 20/30 14300/9500 14300/9500 

3 20/30 3200/2100 3200/2100 

4 20/30 1700/1200 1700/1200 

4.2.3 Techno-economical evaluation 
Since a GRANSHOT®-plant already requires a water cooling plant and a water treatment plant 
that is not an additional investment cost if installing an energy recovery plant. The pumps and 
piping are not included in the economic evaluation since this equipment normally not are 
included in UHTs deliveries. This makes the economical analysis concentrated to the Powerbox 
unit. 

POWERBOX COSTS 
In Table 16 the investment costs for the Powerbox-units referred to the GRANSHOT®-
configuration cases are presented. The cost per Powerbox is estimated to 10 million SEK but can 
vary from 7 MSEK to 12 MSEK. The heat from the process water is exchanged with the organic 
working fluid in the heat exchangers in the Powerbox, which are manufactured with different 
material depending on the water quality. More detailed analyses of the process water and the 
cooling water available at the granulation facility has to be executed before determining what 
kind of heat exchangers that can be used in the Powerbox-units. Since the process water contain 
a lot of metal sediment, it can be assumed that the prize will be in the more expensive region.  

As an alternative a separate water purifying station can be installed before the energy recovery 
process, and thereby reduce the demands on the heat exchangers and enable the use of cheaper 
Powerbox-units. 
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Table 16. Costs of Powerbox-units as a function of the different cases. 

Energy production 
[MWh/year] 

Nr. of Powerbox-units Investment cost 
[MSEK/case] 

Case Metal Yearly tonnage 
[tonnes/year] 

ΔT=20 °C ΔT=30 °C ΔT=20 °C ΔT=30 °C ΔT=20 °C ΔT=30 °C 

1 Pig 
Iron 

3 million 42900 28800 10 7 100 70 

2 Pig 
Iron 

1 million 14300 9500 5 4 50 40 

3 FeNi 200 000 3200 2100 4 3 40 30 

4 Steel 100 000 1700 1200 4 3 40 30 

It is notable that the investment costs are almost as high for granulating 1 million tonnes per year 
comparing to the 100 000 and 200 000 tonnes per year granulation facility. This is due to the 
peak granulation rate, which sets the need of Powerbox-units to handle the process water flow. 

ELECTRICITY PRICE 
To identify electricity prices in different countries a compilation of data from the Energy 
Information Administration is used. In Table 17 the electricity price per kilowatt-hour is listed 
for four raw iron-producing counties. These countries among many others are markets were the 
GRANSHOT®-technology from UHT is suitable, and is therefore potential markets for energy 
recovery with the Powerbox method. The complete electricity price table is included in 
Appendix B.  

Table 17. Electricity price in four raw iron-producing countries [25]. 

Electricity price1) [SEK/kWh] 

Brazil Mexico Sweden USA 

0.912) 0.703) 0.594) 0.44 
 

1) The electricity prices are collected from the Energy Information Administration [25], and refer to the mean 
value for electricity U.S dollar per kWh in 2007 and converted to SEK with referred currency. An update of the 
prices will come in December 2008.  

2) The mean electricity price for 2007 is not available so the mean value from 2006 is used together with the mean 
dollar value in 2006, which is collected from the Swedish State Bank [26]. The mean dollar currency in 2006 
was 1 USD = 7.4178 SEK 

3) The mean dollar currency in 2007 was 1 USD = 6.8752 SEK 

4) No data for the mean electricity price in Sweden was found from the Energy Information Administration so the 
electricity price is collected from the Central Bureau of Statistics [27] in Sweden and refers to the period from 
June to December in 2008. 

REPAYMENT TIME 
In order to determine whether the Powerbox solution is profitable or not the repayment time for 
the different running configuration cases are calculated. The repayment time depends upon the 
electricity price and therefore it is hard to give an exact repayment time. The exchange rate of 
the U.S dollar also affects the actual repayment time.  

In the economical requirement specification of this work, chapter 3.1.2, it is specified that the 
repayment time for the energy recovery solution should be to long, in this case it is set to a 
maximum of 7 years. As seen in Table 18 there are only a couple of running configurations that 
makes that specified cut. 
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In Table 18 the repayment time in years are listed for the four countries Brazil, Mexico, Sweden 
and USA referring to four different running configurations.  

Table 18. Time until the Powerbox investment pays off. 

Investment repayment time [years] 

Brazil Mexico Sweden USA 

 

Case 

ΔT=20 °C ΔT=30 °C ΔT=20 °C ΔT=30 °C ΔT=20 °C ΔT=30 °C ΔT=20 °C ΔT=30 °C 

1 2.6 2.7 3.3 3.5 4.0 4.1 5.3 5.5 

2 3.8 4.6 5.0 6.0 5.9 7.15) 7.96) 9.6 

3 13.7 15.7 17.9 20.4 21.2 24 28.4 32.5 

4 25.9 27.5 33.6 35.7 39.9 42.4 53.5 56.8 

5) The repayment time exceeds more then 7 years but with a slightly higher electricity price the repayment time 
could easily make the 7 years margin. 

6) The electricity price is now increasing in USA and therefore it could be profitable to install an energy recovery 
solution in form of Powerbox units 

It is notable that when granulating FeNi and steel the repayment time makes this kind of energy 
recovery hard to motivate, due to the small and intermittent batches. In order to make it 
profitable to recover energy from steel granulating as in case 4 it is possible to combine case 4 
with case 1 or 2. This could be achieved in an integrated steel plant – described in chapter 2.1 – 
where both liquid pig iron and steel is handled. For an example the running configuration for an 
integrated steel plant could be to granulate 1 million tonnes of pig iron and hundred thousand 
tonnes of steel, which increases the capacity of the energy recovery plant. For a FeNi-plant it is 
not likely to produce more than two hundred thousand tonnes per year, which makes the 
Powerbox solution for energy recovery unprofitable. 

PROFITS 
In Table 19 the electricity savings that could be achieved after repaying the investment are listed 
in MSEK per year for the different cases. The produced electricity can be utilized internally in 
the steel plant or it could be distributed and sold on the electricity market.     

Table 19. Possible savings after repayment time. 

Electricity savings after repayment time7) [MSEK/year] 

Brazil Mexico Sweden USA 

 

Case 

ΔT=20 °C ΔT=30 °C ΔT=20 °C ΔT=30 °C ΔT=20 °C ΔT=30 °C ΔT=20 °C ΔT=30 °C 

1 ~ 39.0 ~ 26.2 ~ 30.0 ~ 20.2 ~ 25.3 ~ 17.0 ~ 18.9 ~ 12.7 

2 ~ 13.0 ~ 8.6 ~ 10.0 ~ 6.7 ~ 8.4 ~ 5.6 ~ 6.3 ~ 4.2 

3 ~ 2.9 ~ 1.9 ~ 2.2 ~ 1.5 ~ 1.9 ~ 1.2 ~ 1.4 ~ 0.9 

4 ~ 1.5 ~ 1.1 ~ 1.2 ~ 0.8 ~ 1.0 ~ 0.7 ~ 0.7 ~ 0.5 

7) The electricity savings are based on the same electricity price as tabled in Table 17, so these results can vary 
quite much over the years. 

As seen in Table 19 there is a lot of money to be saved if an energy recovery plant is 
implemented in the GRANSHOT®-process. 
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4.2.4 Layout design 
The layout design should be modelled as a granulation facility with three granulation tanks, 
operating with two tanks at a time and keeping one in standby. This case is selected since it was 
shown to be the most profitable in the executed investigations.    

The temperature difference between the heated water and the cooling water is assumed to be 
20°C. All of the heated water should be able to pass through the Powerbox-units to utilize as 
much as possible of the available energy. If the optimal setup for maximum energy profit 
requires more cooling effect than provided in the Powerbox-units, the water should be carried on 
into a cooling plant. Otherwise the water should be transported straight to the cold well. The 
cooling towers should be connected both in series and in parallel to the Powerbox-units, in order 
to whenever needed enable the possibility to bypass the Powerbox-units and provide all of the 
required cooling effect in cooling towers.  

As a first step in designing a layout of a granulation facility with implemented Powerbox-units, 
the equipment needed and the process water flow paths are put together in a PFD. By studying 
the previously made PFD of a general granulation plant setup and taking the above mentioned 
demands under consideration, the best position for the Powerbox implementation is decided to 
be after the water cleaning process. At this position the water is assembled to one flow. The 
grade of contaminations is as low as possible and the demands on the heat exchangers in the 
Powerbox are thereby lower. The PFD of the plant is presented in Figure 18. 

 

Figure 18. A PFD over a granulation facility with two active granulation tanks and one in standby. Energy recovery 
in the shape of 10 Powerbox-units is implemented after the water treatment unit. After the energy recovery the water 
can either be returned straight to the cold well, but if necessary the flow can be directed through the cooling towers. 
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LAYOUT 
The setup presented in the PFD is used as template when designing the plant in Solid Works. An 
assembly of a granulation plant without any water flow paths obtained from UHT is modified 
and the wells, the piping, the cooling towers, the Powerbox-units etc are modelled and added. 
The complete design of the facility is shown in Figure 19 and Figure 20. In Figure 19 and Table 
20 the key components are numbered and titled. 

 

5 

4 3 2 

1 

6 

 

Figure 19. Layout of a high capacity granulation facility with implemented Powerbox-technology, isometric view. 

 

Table 20. Details and numbering from Figure 19. 

Detail number Detail 

1 Process water channel 

2 Hot well 

3 Pumps and piping 

4 Water treatment plant 

5 Powerbox-units 

6 Cooling towers and cold well
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Figure 20. Layout of a high capacity granulation facility with implemented Powerbox-technology, top view 

In the following paragraphs the key components are described and illustrated. 

PROCESS WATER CHANNEL 
A channel for the heated process water is connected to the overflow discharge gate on the 
granulation tank. The channel is given a bit of a slope to maintain a desired flow. A stand for the 
watercourse is designed with I-beams.  

Along the water channel a walk path is positioned to make inspection and maintenance easier. 

The water channel is shown in Figure 21. 

 

Figure 21. The process water channel leading from the granulation tanks to the hot well. 
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HOT WELL 
The process water channel is running to the hot well, which is designed in sheet metal and 
stabilised with u-beams as shown in Figure 22. Corrugated sheet is used as roof. Beside the 
process water inlet a door is positioned to enable entrance in the hot well whenever maintenance 
or inspection is needed. On the side of the well a hole is positioned, a bit further down than the 
inlet. This emergency outlet will prevent an overflow in the hot well.  

To avoid that high amounts of metal sediment is pumped out in the system, the outlet for the 
water is given a higher position from where a down slope allows the sediment to sink to the 
bottom of the hot well.  

 

Figure 22. The storage for the heated process water called hot well. 

PUMPS AND PIPING 
A lot of work is still remaining before it is possible to assemble a detailed design. Since a proper 
investigation of the choice of pumps has not been executed the units presented in the layout is 
not to be seen as adequate. Figure 23 illustrates a pump configuration example.  

 

Figure 23. Pump configuration. 
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The purpose of the piping in the layout is only to visualise the water flow paths. The piping 
design in the layout, see Figure 24, is not based on calculations, and is thereby requiring further 
investigations regarding pressure drops, dimensions and radius in bends. 

 

Figure 24. Piping configuration between hot well and Powerbox-units, top view. The green pipes are transporting 
the process water, while the red pipes are designed for the cooling water.  

 

 

Figure 25. Piping configuration, isometric view. The cooling water supply is connected to an underground well. 



 41

WATER CLEANING 
Since the quality of the water and the demands on it set by the Powerbox-technology is not 
known, the selection of an appropriate water treatment plant is not possible without further 
investigations. The water treatment plant used in the layout is thereby not designed for the 
current water flows. A requirement of 4 cyclone units is assumed and the configuration with and 
without piping is presented in Figure 26 and Figure 27.  

 

Figure 26. Separator configuration. 

 

Figure 27. Separators with included piping. 
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POWERBOX 
The Powerbox-units are designed according to a principle model received from the manufacturer 
Opcon, from where the outer dimensions could be set. The position of the in- and out-let is 
however not given, and they are therefore assumed in the layout design. The requirement of 10 
Powerbox-units to handle the great water flow is fulfilled, and the boxes are stacked in two rows 
with 5 boxes in each.  

 

Figure 28. One Powerbox-unit, the components inside and the dimensions are modelled after a principal model 
obtained from a Opcon brochure.  

 

 

Figure 29. Complete Powerbox-setup with included piping. 
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COOLING TOWERS AND COLD WELL 
To ensure that sufficient cooling effect is supplied at all times cooling towers are installed. The 
chosen cooling towers (Evapco AT-314-1272) has a cooling capacity of 26 MW, and to obtain 
the required cooling effect of 152 MW 6 towers are required. A detailed investigation about the 
choice of cooling towers has not been carried out, and the above-mentioned model is one used in 
former executed GRANSHOT®-projects by UHT.  

The last step in the cycle is the cold well, where the water can be stored until it is returned to the 
granulation tank. The cold well is positioned below the 6 cooling towers to collect the cooled 
water. To carry the great weight from both the cooling towers and the water inside, the well is 
designed with thick concrete walls.  

The volume of the cold well together with the volume of the hot well is big enough to store all 
the water in the system, which can be necessary when performing maintenance of the granulation 
tanks. 

 

Figure 30. Six cooling towers placed on a cold well. 
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CHAPTER 5 

5 CONCLUSION 
CHAPTER INTRODUCTION 
The conclusions that the authors have drawn during the Master of Science thesis are presented in 
this chapter. The conclusions are based on the analysis with the intention to answer the questions 
formulated in Chapter 1. The purpose of the conclusions is to provide recommendations for 
future work.   

The conclusions that has been drawn during this project are listed below  

• GRANSHOT®-process 

‐ High energy input, Table 12. 

‐ High process water flows, Table 12. 

• District Heating  

‐ Provides heating for municipals. 

‐ A suitable energy recovery method for the GRANSHOT®-process in countries with a 
northern climate. 

‐ Heat exchangers and a heat pump are required to upgrade the surplus energy into 
primary energy. 

‐ Commands long-term contracts between the DH-supplier and the municipals. 

‐ High costs for piping infrastructure. 

‐ Requires a supply of a huge amount of heat, preferentially a lot of surplus energy 
sources could be gathered up within the whole steel plant (low-grade surplus heat 
from e.g. the arc furnace, rolling mill, converter etc.) and then distributed via the DH-
network.  

• District Cooling 

‐ Provides cooling for municipals. 

‐ A suitable energy recovery method for the GRANSHOT®-process in countries with a 
northern climate, since it also emits heat that can be used for district heating. 

‐ Commands long-term contracts between the DH-supplier and the municipals. 

‐ High costs for piping infrastructure. 

‐ Requires a supply of a huge amount of heat, preferentially a lot of surplus energy 
sources could be gathered up within the whole steel plant (low-grade surplus heat 
from e.g. the arc furnace, rolling mill, converter etc.) and then distributed via the DH-
network. 

• Energy Cells 

‐ Transforms heat into mechanical work that can be used for electricity production. 

‐ New and not fully developed technology, and therefore a technology for the future. 

• Pressure Vessel 
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‐ Very complicated to design and realize, due to the high pressures that has to be used 
inside the granulation tank. 

‐ High demands on the automatic control system for the granulation process. 

‐ Commands high safety systems for the granulation operators. 

• Organic Rankine Cycle 

‐ Transforms low-grade surplus heat to mechanical work that can be used for electricity 
production. 

‐ OPCON provides a ORC-based technology called Powerbox that is a suitable product 
for energy recovery in the GRANSHOT®-process 

‐ High cooling water flows. 

‐ Maximum efficiency of 10 % for a Powerbox-unit. 

‐ High investment costs for the Powerbox-units. 

‐ Simple to vary the number of needed Powerbox-units.  

‐ Economically profitable for a high capacity granulation plant. Table 18, and Table 19 
presents techno-economical consequences for an implementation of a Powerbox 
energy recovery plant in GRANSHOT®-processes. 

‐ Easy to implement in the GRANSHOT®-process, Figure 19. 

‐ Significantly reduced carbon dioxide emissions due to reduced margin electricity 
production. 

 

It has been shown that it is possible to transform the surplus energy that emits from the 
GRANSHOT®-process into electricity. Even though more research has to be done to fully 
evaluate an implemented Powerbox-technology in the granulation plant, the results presented in 
chapter 4 are unequivocal regarding a possible electricity production with the ORC-technology. 
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CHAPTER 6 

6 DISCUSSION AND RECOMMENDATION 
CHAPTER INTRODUCTION 
In this chapter the conclusions that the authors have drawn during the work are discussed and 
how future work in this field should proceed.  

6.1 Energy recovery 
The aim with this project was to determine the possibility to recover surplus heat from the 
GRANSHOT®-process. The surplus heat emerges when liquid metal is poured from a ladle on 
to a ceramic sprayhead where the metal is splintered to droplets, which falls in to a water-cooling 
bath. The energy that is transferred from the liquid metal to the water is about 300-400 kWh per 
tonne.  

When the energy is transferred from the molten metal to the process water, the automatic control 
system for the GRANSHOT®-plant allows the water temperature to gain from 30 or 40 ºC to 
60 ºC, see Figure 16 for the process flow diagram. Energy recovery from this kind of low-grade 
energy sources (60 ºC surplus heat) has in the past not been profitable due to the low energy 
prices. Since little of these available energy sources are being used, a lot of research on how to 
optimize existing technologies to maximise the energy output and profits can be done in order to 
implement energy recovery plant in the process industries. 

Different technologies for waste heat recovery has been studied, District heating, District 
Cooling, Energy cells, Pressure vessel and the ORC-cycle, for an evaluation of which method 
that is most suitable for energy recovery in the GRANSHOT®-process. Every studied 
technology for energy recovery has its benefits and drawbacks, see Table 9, and leaves questions 
to be answered in a future work. 

6.1.1 District heating and cooling 
District heating and district cooling is a well-known technology to recover surplus heat from 
industries. In order to supply waste heat to a DH/DC network from low-grade energy sources 
huge investments has to be done. The investment consists of a heat pump facility and 
infrastructures for the piping network. This makes the investment costs high and a demand of 
long-term contracts for DH/DC-supplies with municipals necessary. Unfortunately no relevant 
data has been found regarding DC-supplies in countries outside Sweden. 

If the surplus energy from the granulation process is utilized for DH/DC-supply (in countries 
with a northern climate) a deeper feasibility study has to be done. The study can be divided in 
two areas, one technological area and one techno-economical area. In the technological 
feasibility study we suggest that all processes in the industry with a surplus of energy are 
thoroughly mapped in order to bundle up all assets of surplus energy. This is due to the big 
amount of energy that is needed to motivate such a big investment cost as DH/DC requires. In 
the techno-economical area the need for DH/DC over the year should be investigated and how 
the long-term contract between the supplier (the process industry) and the consumer (the 
municipal) should be established in order to establish a reliable and profitable deal for both parts. 

6.1.2 ORC-technology 
The ORC-technology offers an energy recovery solution that transforms the low-grade surplus 
energy into electricity. The efficiency for the ORC-technology in this kind of application is less 
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then 10 %. This might seem low, but the lack of electricity in many heavy process industrial 
countries every MWh is a big asset.  

The Powerbox solution from OPCON offers an ORC-technology for energy recovery of low-
grade energy sources, such as the process water in the GRANSHOT®-process. The Powerbox 
enables energy recovery from energy sources containing heat temperatures from 50 ºC. When 
studying different methods for energy recovery the Powerbox solution stood out as the most 
suitable energy recovery method for the GRANSHOT®-plant. Before taking mentioned solution 
to the next level (offering the Powerbox solution to GRANSHOT®-plant customers) there is still 
some more research regarding the Powerbox-technology that has to be done.  

WATER REQUIREMENTS 
When granulating a very small fraction of metal oxide fines are formed. A part of the fines will 
not sediment in the water tank under the vibrating screen, and therefore have to be separated in a 
water treatment plant. The fraction of fines that cannot be separated from the process water in the 
water treatment plant will continue to circulate together with the process water. The water slurry 
(fines circulating together with the process water) has to be analysed in order to specify the 
demands on the heat exchangers used in the Powerbox.  

The results presented in chapter 4.2.1 regarding energy production refers to ideal running 
conditions for the Powerbox, a mean temperature for required cooling water of 9 ºC with a 
volumetric cooling water flow of 1.5 times the process water flow. These conditions can easily 
be provided in northern countries but for warmer countries the access of cooled water is limited. 
A possibility to provide sufficient water-cooling temperature for the Powerbox is to allow the 
process water to reach a temperature of 80 ºC under granulation with same ΔT as earlier. Of 
course granulation tests with mentioned temperature increase must be thoroughly executed to 
ensure that the temperature increase does not affect the granulation process in any way, both 
regarding the safety of the process and product qualities of finished product. However a study 
over possible cooling-water temperatures in different countries should be executed and discussed 
with the Powerbox supplier, OPCON. 

WORKING FLUID 
The selection of working fluid in the ORC is critical when optimizing the system for the specific 
operating conditions. The system efficiency correlates with the thermodynamic properties of the 
fluid, such as normal boiling point, critical pressure and so on. At the same time several other 
conditions has to be taken under consideration – such as stability of the fluid and compatibility 
with materials in contact, safety and health aspects, availability and cost etc. The selection of 
working fluid is in other words a complicated process that requires comprehensive analyses of 
the running conditions at the specific working location. The competence in choosing a proper 
working fluid is possessed by the company designing the ORC-system and this work is thereby 
included when purchasing a Powerbox-unit.  

ECONOMICS 
There are a lot of benefits with turning the surplus energy into electricity. As shown in Table 19 
there is a lot of money that can be saved with an energy recovery plant for electricity production. 
In some parts of the world where power breakdowns are common (overloaded electricity grids 
and poor maintenance at the power station) the possibility to avoid an industrial standstill makes 
the internal electricity production invaluable. 

The calculations that have been done regarding investment costs and repayment time do not 
include shipping and erection of the Powerbox-units. The calculations are only based on the list 
price per Powerbox-unit from OPCON. This could mean that the price for the Powerbox-units 
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can be negotiable when buying the needed amount of units for the case 1 running configuration 
presented in Table 10. 

For a granulation-plant with intermittent running configuration (such as case 2 and 3, Table 10) 
it is shown in Table 18 that the repayment time for the investment costs for an energy recovery 
plant - Powerbox - is hard to motivate. One possibility to assimilate the surplus energy for 
mentioned running configuration is to create a tributary flow for the process water. The tributary 
flow could then be connected to one Powerbox-unit, and therefore a small energy recovery plant 
could be interesting and profitable. 

LAYOUT DESIGN 
The purpose with the presented layout design is to visualise the dimensions of the Powerbox-
plant in comparison to a true scale GRANSHOT®-facility. The layout should also present 
necessary equipment and water flow paths for the facility. 

A lot of work is still remaining before it is possible to assemble a detailed design. Since a proper 
investigation of the choice of cooling towers, pumps and water treatment plants has not been 
executed the units presented in the layout is probably not capable to fulfil their purpose.  

The purpose of the piping in the layout is only to visualise the water flow paths. The design in 
the layout is not based on calculations, and is thereby requiring further investigations regarding 
pressure drops, dimensions and radius in bends.   

6.1.3 Alternative to the ORC-technology 
An alternative to the ORC-cycle is the Kalina-cycle that works with a similar principle as the 
ORC-cycle. Instead of an organic working fluid, as in the ORC-cycle, a mixture of water and 
ammonium is used. The fraction between the water and the ammonium in the mixture can be 
varied to obtain an optimal mixture for a given process configuration. In a report from the 
Swedish organisation Jernkontoret [25], a comparison between the efficiencies and costs of the 
Kalina-cycle and the ORC-cycle, the Powerbox, has been done. It was shown that the investment 
costs for the Kalina-technology was higher than for the Powerbox-technology, but the efficiency 
of the Kalina-technology was higher. Due to the much higher efficiency of the Kalina-
technology the repayment time is less than for an energy recovery plant for surplus heat 
consisting of the Powerbox-technology.  

Unfortunately the Kalina-cycle was not discovered during the pre-study for this project, therefore 
the authors strongly suggest that the Kalina-technology should be thoroughly investigated and 
compared with the ORC-technology for energy recovery in the GRANSHOT®-process.   

6.1.4 Technologies for the future 
Energy cells and some kind of pressure vessel belong to future technologies that could be 
interesting to assimilate the surplus energy. The questions that has to be answered for these 
technologies before any kind of implementation in the GRANSHO®-process can be made are 
significant.   

The little information that can be found regarding the Energy cells makes a feasibility study 
almost impossible, since a lot of research still has to be done. If the company Exencotech can 
realize the Energy cell technology in such a scale that the kind of surplus heat that emerges from 
the granulation process can be utilized, it could be a promising solution for energy recovery of 
low-grade energy. 

A pressure vessel is hard to realize due to the exposed environment that exists in a steel plant. 
The safety issues regarding the granulation operators have to be solved, since the granulation 
process would take place under high pressure. The pressure vessel solution also requires a very 
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complicated automatic control system for monitoring and controlling the pressures and the 
electricity production. 

6.2 Energy recovery in today’s technology society  
In today’s consumption and technology society the gap between rich and poor people are 
increasing. The newest technologies (cell phones, computers, internet etc.) are therefore only 
privileged to the middle class and upwards. These new gadgets are all outdated after a couple of 
years and replaced with new ones. All consumption are energy demanding and all the new 
household equipments are electricity consuming. Due to this consumption, the electricity 
production in many countries cannot keep the same pace as the request for energy. The 
consequence is therefore an increasing electricity price that strikes the poor inhabitants hard. If 
however the industries would develop less energy demanding processes and implement suitable 
energy recovery plants for electricity production of surplus energies the electricity price and 
consumption could be lowered. This would both gain the most economical exposed people and 
the environment in a positive way. 
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APPENDIX A: Water flow requirements 
 

 

Figure ii. Cooling water flow requirements at different casting temperatures and various temperature differences. 
The calculations are made for pig iron granulated in a rate of 4000 kg/min. 

 

Figure iii. Cooling water flow requirements at different granulation rates and various temperature differences. The 
calculations are made for ferro nickel with a casting temperature of 1600°C, for which the maximum allowed 

granulation flow rate is 2500 kg/min. 
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Figure iv. Cooling water flow requirements at different casting temperatures and various temperature differences. 
The calculations are made for ferro nickel granulated in a rate of 2500 kg/min. 

 

Figure v. Cooling water flow requirements at different granulation rates and various temperature differences. The 
calculations are made for steel with a casting temperature of 1600°C, for which the maximum allowed granulation 

flow rate is 2500 kg/min. 
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Figure vi. Cooling water flow requirements at different casting temperatures and various temperature differences. 
The calculations are made for steel granulated in a rate of 2500 kg/min. 
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APPENDIX B: Electricity prices for industries 
Table I. Electricity prices for industries around the world. The prices are listed in U.S. Dollars per kilowatt-hour and 

are collected from the Energy Information Administration [26].  

Country  1999 2000 2001 2002 2003 2004 2005 2006 2007 
Argentina  NA NA NA NA NA NA 0.047 0.068 NA 
Australia  0.050 0.045 0.044 0.049 0.054 0.061 NA NA NA 
Austria  0.057 0.038 NA NA NA 0.096 0.102 0.109 0.134 
Barbados  NA NA NA NA NA NA 0.210 0.224 NA 
Belgium  0.056 0.048 NA NA NA NA NA NA NA 
Bolivia  NA NA NA NA NA NA 0.048 0.047 NA 
Brazil  NA NA NA NA NA NA 0.077 0.122 NA 
Canada  0.038 0.039 0.042 0.039 0.047 0.049 0.055 NA NA 
Chile  NA NA NA NA NA NA 0.078 0.090 NA 
China  NA NA NA NA NA NA NA NA NA 
Chinese Taipei (Taiwan)  0.058 0.061 0.056 0.053 0.053 0.055 0.057 0.058 0.059 
Colombia  NA NA NA NA NA NA 0.090 0.090 NA 
Cuba  NA NA NA NA NA NA 0.082 0.087 NA 
Cyprus  0.074 0.087 0.079 0.082 0.104 0.107 0.125 0.145 NA 
Czech Republic  0.048 0.043 0.043 0.049 0.056 0.066 0.081 0.094 0.115 
Denmark  0.066 0.058 0.060 0.070 0.092 0.096 NA NA NA 
Dominican Republic  NA NA NA NA NA NA 0.138 0.004 NA 
Ecuador  NA NA NA NA NA NA 0.096 NA NA 
El Salvador  NA NA NA NA NA NA 0.124 0.141 NA 
Finland  0.046 0.039 0.038 0.043 0.065 0.072 0.070 NA 0.081 
France  0.044 0.036 0.035 0.037 0.045 0.050 0.050 0.051 0.056 
Germany  0.057 0.041 0.044 0.049 0.065 0.077 0.084 0.094 NA 
Greece  0.050 0.042 0.043 0.046 0.056 0.063 0.067 NA NA 
Grenada  NA NA NA NA NA NA 0.188 0.188 NA 
Guatemala  NA NA NA NA NA NA 0.111 0.112 NA 
Hungary  0.055 0.049 0.051 0.059 0.078 0.092 0.096 0.105 0.134 
India  0.081 0.080 NA NA NA NA NA NA NA 
Indonesia  0.027 0.036 0.035 0.048 0.062 0.063 0.059 NA NA 
Ireland  0.057 0.049 0.060 0.075 0.094 0.096 0.099 0.122 0.149 
Italy  0.086 0.089 0.107 0.113 0.147 0.161 0.174 0.210 0.237 
Jamaica  NA NA NA NA NA NA 0.153 0.188 NA 
Japan  0.143 0.143 0.127 0.115 0.122 0.127 0.123 0.117 NA 

Korea, South  0.046 0.052 0.048 0.047 0.051 0.053 0.059 0.065 0.069 
Mexico  0.042 0.051 0.053 0.056 0.062 0.077 0.088 0.099 0.102 
Netherlands  0.061 0.057 0.059 C C C C C C 
New Zealand  0.033 0.028 0.027 0.033 0.046 0.051 0.061 0.060 0.068 
Nicaragua  NA NA NA NA NA NA 0.132 0.165 NA 
Norway  NA 0.019 0.025 0.031 0.046 0.043 0.043 0.055 0.048 
Panama  NA NA NA NA NA NA 0.102 0.104 NA 
Paraguay  NA NA NA NA NA NA 0.038 0.041 NA 
Peru  NA NA NA NA NA NA 0.069 0.070 NA 
Poland  0.037 0.037 0.045 0.049 0.056 0.060 0.070 0.073 0.082 
Portugal  0.078 0.067 0.066 0.068 0.083 0.093 0.098 0.110 0.128 
Romania  0.037 0.044 0.042 0.053 0.067 0.071 0.095 NA NA 
Russia  NA NA 0.021 0.024 0.029 0.030 0.032 0.036 NA 
Slovak Republic (Slovakia)  0.041 0.042 0.043 0.047 0.070 0.083 0.086 0.098 0.137 
South Africa  0.017 0.017 0.013 0.012 0.019 0.022 0.022 0.022 NA 
Spain  0.049 0.043 0.041 0.048 0.054 0.060 0.083 0.091 NA 
Sweden  NA NA NA NA NA NA NA NA NA 
Switzerland  0.090 0.069 0.068 0.070 0.079 0.084 0.081 0.080 0.084 
Thailand  0.054 0.057 0.056 0.057 0.060 0.063 0.066 NA NA 
Trinidad and Tobago  NA NA NA NA NA NA 0.028 0.028 NA 
Turkey  0.079 0.080 0.079 0.094 0.099 0.100 0.106 0.100 0.109 
United Kingdom  0.064 0.055 0.051 0.052 0.055 0.067 0.087 0.117 NA 
United States  0.044 0.046 0.051 0.049 0.051 0.053 0.057 0.062 0.064 
Uruguay  NA NA NA NA NA NA 0.058 0.065 NA 
Venezuela  NA NA NA NA NA NA 0.032 0.032 NA 

 


