
Master of Science in Energy and Environment
October 2010
Trygve Magne Eikevik, EPT

Submission date:
Supervisor: 

Norwegian University of Science and Technology
Department of Energy and Process Engineering

Power Production from Low
Temperature Heat Sources

Michael Pfaff





Problem Description
Background and objective. Sintef Energy Research As is involved in a KMB project 162617/i40
Resource Optimization and recovery in the MAterials industry.

We are involved in the Energy Recovery part of this project. A new technology for power production
from low to medium temperature heat sources will be developed. Application to power production
from exhaust of electrolysis cells in the aluminium industry will be investigated. This technology
will be based on the use of CO2 as a working fluid. CO2 is non flammable non toxic and is
environmental friendly. Preliminary calculations showed an important potential for performance
improvement compared to existing technologies.

A prototype was built in our laboratory early in 2009. The student will perform experimental
investigations. Results will be analysed and improvements should be foud for the test facility.
Simulations (Pro/II) should be performend in order to establish optimizations. The following
questions should be considered in the project work:

1. Literature power production from low temperature heat sources

2. Perform experimental investigations

3. Summary of the experimental results

4. Build power production cycle model with Pro/II to find improvements

5. Compare experimental results

6. Summary, draft version of a scientific paper

Assignment given: 01. March 2010
Supervisor: Trygve Magne Eikevik, EPT





EPT-M-2010-83

MASTER THESIS

for
Michael Pfaff
Spring 2010

Power production from low temperature heat sources

Background and objective

In the process industry and in particularly in aluminium production, large amount of
waste heat is produced. Conversion of this heat to electrical power is a very attractive
alternative for energy recovery.

SINTEF is developing a new technology for power production from low temperature heat
sources, for example the gas coming out of electrolysis cell for aluminium production.
This technology is based on CO2 as working fluid. CO2 is environment friendly, non
toxic, non flammable and has a potential for high efficiency power generation.

A test rig has been built in the laboratory in order to test different control strategies. The
student will run experiments investigating systematically effect of various parameters.
Results will be compared with a Modelica based model that the student will develop
with the help of our partners at Braunschweig University. This Master Thesis is financed
by the project 182617/i40 Resource Optimization and Recovery in the Material industry,
where the main metal producers in Norway participate.

The following questions should be considered in the work:

1. Literature power production from low temperature heat sources

2. Establish a systematic plan for the experimental investigation

3. Perform experimental investigations

4. Summary of the experimental results

5. Build power production cycle model with Modelica

6. Compare experimental and simulation results

7. Summary, draft version of a scientific paper

8. Further work
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Task variation

The delivering date was changed from 30th June 2010 to the 30th September 2010. The
reason for this decision was that main device (the expander), it was not running for
3 weeks. The expander was removed and send to Austria to the producer Obrist for
repairing it.

The used software was changed from Modelica to Pro/II for the simulations. The reason
for this decision was there should be found some improvements for devivces at the test
facility. For this task the software Pro/II was better qualified to perform this simulations.
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to power production from exhaust of electrolysis cells in the aluminium industry will be
investigated. This technology will be based on the use of CO2 as a working fluid. CO2 is
non flammable non toxic and is environmental friendly. Preliminary calculations showed
an important potential for performance improvement compared to existing technologies.

A prototype was built in our laboratory early in 2009. The student will perform
experimental investigations. Results will be analysed and improvements should be foud
for the test facility. Simulations (Pro/II) should be performend in order to establish
improvements. The following questions should be considered in the project work:

1. Literature power production from low temperature heat sources
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3. Summary of the experimental results

4. Build power production cycle model with Pro/II to find optimizations

5. Compare experimental results
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Summary

This Master Thesis is a conclusion on work done as part of the Resource Optimization
and recovery in the Materials industry project (Roma). This project is involved in the
development of a new technology for power production from low temperature heat sources
for off gases from aluminum production cells. The technology is based on an transcritical
Rankine cycle with CO2 as a working fluid, as the work recovery circuit. The center of
the test facility is the expander, a prototype provided by Obrist Engineering . 81 tests
were perfomed to investigate the behavoir of the expander cycle. Effect of three main
parameters were investigated:

• Effect CO2 massflow rate

• Effect of heat source temperature

• Effect of CO2 condensation pressure

For each parameter combination, the high pressure side of the expander cycle was varied
in order to find the maximum power output.

This study clearly showed limitation of the turbine which cannot maintain large pressure
difference probably due to large internal leakages. As a result, turbine outlet is highly
superheated. This superheat is lost energy for the power cycle, and is simply dumped
into the heat sink. One possible improvement would be to include a recuperator that
recovers superheat after the pump.

The results also indicate that the fan of the air loop is too small: increasing the CO2 flow
rate to limit superheat at turbine outlet leads to turbine inlet temperature reduction.

Last, for large CO2 mass flow rate (3.5 kg
min

) which is required for proper operation of
the turbine, the power generated is too large for the generator installed on the loop. Its
temperature reached 120 °C for some conditions. A new solution should be seeked.

Based on experimental results, a mode of the power cycle was implemented in Pro/II
and simulations were run in order to find an improved design. The main goal is to be
able to run the cycle at high CO2 mass flow rate: 3.5 kg

min
. It was found that the air

loop fan should be able to deliver up to 1 260 m3

h
. The new generator or braking system

should be able to absorb up to 297 W.
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Nomenclature

Nomenclature

Abbrevoiations

Symbol Description

Al Aluminium

Al2O3 Aluminium Oxide

C Carbon

C Condenser

CO Carbon monoxide

CO2 Carbon dioxide

CP Condensate pump

CSV Control and stop valve

CT Cooling tower

CWP Cooling water pump

DAQ Data acquisation

DC Direct current

E Evaporator

e Electron

G Generator

H2 Hydrogen

H2O Water

H2O-NH3 Water-ammonia mixture

He Helium

HX Heat exchanger

IW Injection well

M Makeup water supply

N Number

Na3AlF6 Aluminium Cryolite

NH3 Ammonia

ORC Organic Rankine Cycle

p Pump

PH Preheater
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Nomenclature

Symbol Description

PW Production well

R134a Refrigerant, Tetrafluorethane

R744 Refrigerant, Carbon Dioxide

Rec Recaiver

Roma Resource Optimization and recovery in the Material industry

RPH Recuperative preheater

S Seperator

T Turbine

TV Throttle valve
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Nomenclature

Latin letters

Symbol Description Unit

h Entrophy kJ
kg

hexp inlet Entrophy at the expander inlet kJ
kg

hexp outlet Entrophy at the expander outlet kJ
kg

hpump inlet Entrophy at the plunger pump inlet kJ
kg

hpump outlet Entrophy at the plunger pump outlet kJ
kg

I Current kA

Mexp tourque Driving force of the expander Nm

ṁair loop Massflow of air in the air loop kg
min

ṁCO2
Massflow of CO2

kg
min

P Pressure bar

Pexp inlet Pressure at the inlet of the expander bar

Pexp outlet Pressure at the outlet of the expander bar

Pexp output Isentropic work output of the expander W

Pexp Work output of the expander W

PHX−2 inlet Pressure at the heat exchager 2 inlet bar

PHX−2 outlet Pressure at the heat exchager 2 outlet bar

Ppump Work input plunger pump W

Ppump inlet Pressure at the plunger pump inlet bar

Ppump outet Pressure at the plunger pump outlet bar

QH Heat addition from a heat source W

Qin Heat input from a heat source W

QL Heat rejection to a heat sink W

Qout Heat output to a heat sink W

q̇ Heat flow density W
m2

q̇in Heat flow density referring to a high temperarture reservoir W
m2

q̇out Heat flow density referring to a low temperarture reservoir W
m2

rpm Rotations per minute 1

min

rpmexp Rotations per minute of the expander 1

min

s Entropy kJ
kg·K

sexp inlet Entropy at the expander inlet kJ
kg·K

sexp outlet Entropy at the expander outlet kJ
kg·K

spump inlet Entropy at the plunger pump inlet kJ
kg·K
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Nomenclature

Symbol Description Unit

spump inlet Entropy at the plunger pump inlet kJ
kg·K

spump outlet Entropy at the plunger pump outlet kJ
kg·K

T Absolute temperature K

TH Absolute temperature heat source K

TL Absolute temperature heat sink K

T Absolute temperature K

t temperature °C

texp inlet temperature at the expander inlet °C

texp outlet temperature at the expander outlet °C

tHX−2 inlet temperature at the heat exchanger 2 inlet °C

tHX−2 outlet temperature at the heat exchanger 2 outlet °C

tpump inlet temperature at the expander inlet °C

tpump outlet temperature at the expander outlet °C

U Voltage V

UA Heat transfer coeffcient times area kW
K

v Specific volume m3

kg

Wnet Work output W

Wshaft,in Mechanical work input at the shaft W

Wshaft,out Mechanical work output at the shaft W

X Arithmetic average
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Nomenclature

Greek letters

Symbol Description

ηth Theoretic efficiency

ηcycle Theoretic efficiency of the cycle

ηexp Theoretic efficiency of the expander

ηpump Isentropic efficiency of the plunger pump

Πpress ratio exp Pressure ratio expander

Πpress ratio pump Pressure ratio plunger pump
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1 Background

The background of the ROMA (Resource Optimization and recovery in the MAterials
industry) project is the energy utilization of waste heat from the production of aluminum.
The project is financed by the companies Hydro Aluminium, Elkem / Alcoa and Søral,
wich are active in the aluminium production. The following section gives a short resume
of the production process of aluminum and the source of waste heat from the aluminum
production process.

1.1 The aluminium production process

The main theory from the aluminium production is taken from Kammer [1] unless
otherwise noted and translated.

The extraction from aluminium is realised by the Hall-Heroult process, invented in
1886. An aluminium production plant needs in average 13-14 kWh electrical energy
per kg aluminium. Figure 1.1 shows a schematic from of an aluminium electrolytic cell.
Single electrolysis cells are arranged in series. Aluminium oxide (Al2O3) has a very high
melting point temperature of 2050 °C. When aluminium oxide is mixed with molten
cryolite the new melting temperature of this aluminium cryolite (Na3AlF6) is at the
eutectic point at 962.5 °C (with 10.5 % Al2O3 content in the aluminium production cell).
Due to the fact that the aluminium oxide is soluble in the cryolite the electrolysis is
actable between 950 °C and 980 °C. The content of aluminium oxide during the process
is between 2 % and 5 %.

The Aluminium oxide electrolysis is realised with carbon electrodes. The so generated
oxygen is oxidised to carbon dioxide (CO2) and carbon monoxide (CO). These reactions
can be described as:

2Al2O3 + 3C −→ 4AL + 3CO2 (1.1)

Al2O3 + 3C −→ 2Al + 3CO (1.2)
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1 Background

The following two main reactions are running at the electrodes:

• Aluminium 2Al3+ + 6e− → 2Al is discharged at the cathode.

• The oxygen ions which are flowing to the anode reacting there to CO2 and CO.
The anode is expended from this reaction.

The carbon cathode includes the iron cathode bars and it is at the same time the collecting
pan for the molten aluminium, pictured in figure 1.1. The current (I) that flows to the
cathodes is between I = 100 kA and 280 kA, with a voltage (U) at circa U = 4.2 V. Some
of the electrical energy, which flows to the collection pan, is transferred to heat because of
the electrical resistance of the molten aluminium. But, this thermal energy is necessary
to fuse the aluminium oxide, and to keep the aluminium and also the flux molten. The
Al2O3 is collected into the alumina hopper pictured in figure 1.1 and is flowing from
there to the frozen flux and alumina. The crust breaker is necessary to break the crust
from the flux to provide a flow way for the aluminium oxide to the molten flux.

Figure 1.1: Multi-anode electrolytic cell for extracting aluminium from alumina [2]

1.2 The offgas of the aluminium production

The collection from the offgas which includes the waste heat for the power production cycle
is realized by the gas offtake direct inside the capsuled electrolytic cell pictured in figure
1.1. The single aluminuim production cells are arranged in series. A typical aluminium
production plant consists of 400 single aluminium production cells, but there existing
plants with up to 1 000 aluminium production cells. The offgas of the single electrolysis
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1 Background

cells is collected into a central offgas collection. The typical offgas temperature of one
cell is 120 °C, but in the central offgas collection system the typical offgas temperature is
circa 100 °C. The typical offgas massflow rate out of one single cell is 2 kg

s
.
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2 Power production from waste heat -
State of the art

Figure 2.1: Waste heat sources [9]

It is certain that the fossil energy fuels
are finite or only producible with a lot
more effort and financial costs in the fu-
ture. The energy wasted in boiler stacks,
engine exhausts, cooling towers and other
waste exhaust streams can be recovered.
The power production from waste heat is a
very important topic to utilize more of the
energy from the power potential of present
available fossil fuels.

There exist a set of technologies to produce
electricity from waste heat sources today
(figure 2.1). This chapter presents some of
the relevant technologies that are available
to utilize efficient waste heat potentials
from different processes.

2.1 The ideal power cycle and its fundamental constraints

The main theory on the Carnot cycle is taken from Chen and Elliot [11] and Hsieh [12]
unless otherwise noted.

To be able to compare the usefulness of the different processes to each other, a reference
process is needed. When considering a thermodynamic process where work is extracted
from heat transferred from a heat source (TH) to a heat sink (TL), the Carnot cycle is a
much-used ideal.
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2 Power production from waste heat - State of the art

Figure 2.2: The P-v and T-s diagram of the Carnot cycle [10]

This cycle has two isothermal state changes for heat addition and heat rejection to the
environment. The other two changes in state are adiabatic and reversible therefore
isentropic. So the process is a reversible process shown in (figure 2.2):

• Process step 1-2 is an isothermal expansion at TH , absorbing a quantity of heat
(qin) from the high energy reservoir.

• Process step 2-3 is an isentropic expansion, lowering temperature from TH to TL.

• Process step 3-4 is an isothermal compression at TL rejecting a quantity of heat
(qout) to the low temperature energy reservoir.

• Process step 4-1 is an isentropic compression, raising temperature from TL to TH .

Because the process is reversible, the maximum thermal efficiency for a Carnot cycle can
be defined strictly by heat source (TH) and heat sink (TL):

Equation :

ηth = 1 −
TL

TH

(2.1)

The Carnot cycle is depicted in figure 2.2.

Practical attempts to attain the Carnot cycle in reality failed, predominantly because of
finite temperatures differences during the heat transfer processes and fluid friction during
the work-transfer processes. As a result, the Carnot cycle has no counterpart in actual
practice, but it is often used to compare the efficiency of other cycles with the efficiency
of the Carnot cycle (figure 2.1).
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2 Power production from waste heat - State of the art

Figure 2.3: The P-v and T-s diagram of the Stirling cycle [10]

2.2 Stirling cycle

Another reversible cycle is the ideal Stirling cycle. This Stirling engine consists of a
cylinder with two pistons, one piston at each side of the cylinder and a regenerator in
the middle. The four working positions of the pistons are illustrated in figure 2.4 and
also in the P-v and T-s diagrams in figure 2.3.

• Process step 1-2 is an absolute reversible isothermal expansion at TH , absorbing a
quantity of heat (qin) from the heat source.

• Process step 2-3 is an absolute reversible heat rejection at constant volume, lowering
temperature from TH to TL.

• Process step 3-4 is an absolute reversible isothermal compression at TL rejecting a
quantity of heat (qout) to the low temperature energy reservoir.

• Process step 4-1 is an absolute reversible heat addition at constant volume, raising
temperature from TL to TH .

The thermal efficiencies have been found to be low, but the Stirling engine has potential
as an external combustion device. Its capability of using low-grade fuels or external heat
sources, keeps the reseach going [24].

The Stirling engine fills a niche for quiet, small engines capable of operating with a wide
variety of fuels. Typically, light gases (hydrogen (H2) and helium (He) [3]) are used as
working fluid in Stirling engines, but nitrogen or air [21] is possible, too. The Stirling
engine is a closed external engine, this avoid contaminations of the working fluid.
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Figure 2.4: The working positions of the pistons at the four states of the Stirling cycle
[12]
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2 Power production from waste heat - State of the art

There exists Stirling engine applications in solar power plants where high temperature
is available [4]. But there were also investigations from Chen for low temperature
applications (max. working gas temperature 100 °C) with using a solar Stirling engine
[21].

There have been also research projects on Stirling engines for applications using the waste
heat potential from low-grade exhaust gases from natural-gas heating systems and with
bio-fuel fired heating systems for electrical power production [22]. After Kongtragool
[5] the key to success of the Stirling engine for low temperature applications are, new
materials and good heat transfer to the working fluid.
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2 Power production from waste heat - State of the art

2.3 Brayton cycle

Figure 2.5: The closed Brayton cycle [14]

The Brayton cycle is also known as the closed Joule cycle and consists of the four following
process steps:

• Process step 1-2 is an isentropic compression in a compressor.

• Process step 2-3 is an isobar heat addition (QH) in a heat exchanger.

• Process step 3-4 is an isentropic expansion in a turbine with work output (Wnet)
at the shaft.

• Process step 4-1 is an isobar heat rejection (QL) in a heat exchanger.

The working fluid of the Brayton cycle is a single-phase gas without condensing.

With the advent of nuclear reactors, the closed-cycle gas turbine has become more
important. Heat is transferred, either directly or via a second fluid, from the fuel in the
nuclear reactor to the working fluid in the gas turbine. Heat is rejected from the working
fluid in the gas turbine to the surroundings [14].

There were investigations for using a supercritical CO2 Brayton cycle from Moisseytsev
and Sienicki [15] in combination with an intermediate sodium loop in atomic power plants.
But there was used a high source temperature of 488 °C.
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Figure 2.6: The P-v and T-s diagram for the Brayton cycle [13]

As topping cycle in a combination with ambient pressure gas turbine, Xue, Wei and
Zhongyue [16] have found potential for using the Brayton cycle for a utilization of exhaust
gases.

2.4 Water vapour Rankine cycle

The water vapour Rankine cycle is a thermodynamic cycle where water is used as working
fluid. The cycle consists of four process steps (1 - 4). Water enters the pump at step 1
as saturated liquid and is compressed to the operating pressure of the steam generator
at step 2. At the steam generator all of the liquid is evaporated by a heat source (Qin)
between step 2 and 3. The steam leaves the vapour generator as superheated vapour
at step 3. The superheated vapour at state 3 enters the turbine, where it expands is
transfered to mechanical work (Wshaft out) by rotating the shaft connected to an electrical
generator. The temperature and pressure of the steam drop during this process to the
values at step 4. In these conditions of step 4 (usually as a saturated liquid-vapour
mixture) the working fluid enters the condenser. Inside the condenser the working fluid
is condensed to liquid by using a cooling fluid. The working fluid is leaving the condenser
in conditions of step 1 and flows back to the pump.

The T-s diagram of the Rankine cycle in figure 2.7 show, additional process steps 3’ and
4’ of a Rankine cycle using superheated steam at the turbine inlet in conditions of step
3’. The superheated steam leaves the expansion process in the prime mover (turbine) in
conditions showm in step 4’.

The steam Rankine cycle is best suited for recovery of high-grade waste heat. This is
due to the condensing temperature at ambient pressure being 100 ° C and the need for
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Figure 2.7: Components associated with a simple Rankine cycle and the corresponding
T-s diagram for the cycle steps 1-2-3-4-1. The diagram also show Rankine
cycle steps with superheated steam: 1-2-3’-4’-1. [3]

22



2 Power production from waste heat - State of the art

superheat of the gas in order to avoid a wet expansion through the expander.

The disadvantage of water as working fluid in a Rankine cycle recovering heat sources
below 370 °C is that water is so wet, which means the slope of saturated gas line in the
T-s diagram is minus, so a great superheat is needed to avoid a wet process inside the
turbine [23]. Another disadvantage of water as working fluid in a Rankine cycle for low
temperature heat source is the latent heat. High latent heat means a long evaporating
process in the evaporator, which results in large temperature difference between the
two sides of the heat exchanger [23]. The temperature of water evaporating inside the
evaporator is for some time unchanged (at the two phase area in the T-s diagram) while
the temperature of the heat source changes.

2.5 Organic Rankine cycle

The Organic Rankine Cycle (ORC) is based upon the water vapour Rankine cycle. The
ORC process follows the same four process steps, but the main difference is the used
working fluid.

If it is waste heat that has to be converted into mechanical work that is yielding most
benefit, the Rankine cycle is most suitable. At lower temperatures, smaller than 400 °C,
not the known Rankine-process with water is the most favourable one that is realised
in steam power plants, but a similar process with an organic working medium, e.g. a
refrigerant (fluorine hydrocarbon) or another hydrocarbon. This ORC shows a higher
efficiency at the same low maximum temperature than the Rankine process with water
[17].

The ORC has advantages in recovering low-grade heat, such as high efficiency and a
one stage turbine (as the reason of low enthalpy drops at the turbine). Thus ORC can
be economically feasible when the system is well designed. ORC systems are used in
industrial waste heat recovery plants, geothermal plants and solar thermal systems [23].
Preliminary design suggestions for waste heat of industrial processes and combustion
engines have been given by Larjola [6].

2.6 The CO2 trans-critical Rankine cycle

The trans-critical Rankine cycle with CO2 as working fluid is a variation from the basic
Rankine cycle with water as working fluid described in section 2.4. The main difference is
the used working fluid CO2, which has a low critical temperature of 31.1 °C and a critical
pressure of 73.3 bar. These thermodynamic characteristics can be expedient for low
temperature applications in a Rankine cycle. The cycle consists of the same components
like the water vapour Rankine cycle.
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The CO2 is in subcooled conditions at the pump inlet, because the pressure at room
temperature is in a range of circa 60 bar. The CO2 leaves the pump at a pressure level
higher then the critical pressure and than enters the evaporator. There, the CO2 is
absorbing heat from an external heat source (e.g. waste heat). At the outlet of the heat
exchanger is the CO2 in the highest temperature and pressure conditions during the
process. After this heat addition the working fluid flows to the expander, where power
from the high pressure is transferred to mechanical work. With a pressure drop the CO2

leaves the expander and flows to the condenser, where it is cooled down to subcooled
conditions again.

For power production from low temperature heat sources the main advantage from CO2

is pictured in figure 2.8, which compares the temperature enthalpy profile of CO2 with
the temperature enthalpy profile of the refrigerant R134a. The blue line illustrates the
temperature and entropy characteristics on the flow-way of these two working fluids inside
the heat exchanger cooled by the heat sink. The figure 2.8 shows also the temperature
and enthalpy trend from the heat source (red line). This illustration shows the possible
benefit of using CO2 for low temperature heat sources, because the temperature difference
is very small everywhere in the heat exchanger. There is no phase changing of the working
fluid during the complete heat exchanging. Also the pinch point is close to the end at
the heat exchanger, with CO2 as working fluid.

Heat transfer with this dense CO2 gas is beneficial and volumetric efficiency high, thus
avoiding large heat exchanger volumes characterizing usual gas processes. In the vicinity
of the critical region the heat transfer is actually better than for the most boiling fluids.
The density of the gas at the exit of the turbine (at condensation pressure) is rather
large, allowing for the development of very compact equipment [18].

But the use of CO2 has some disadvantages too. The cycle has to work with a high
pressure compared with other working fluids at the same temperature range (e.g. R134a
at the right diagram in figure 2.8). Thus it is necessary to use pipes which material
thickness is designed for such a high pressure. It is also necessary to design sealing
gaskets, pumps, heat exchangers and expanders for these conditions. CO2 diffuses also at
such a high pressure into gaskets and forms small gas pockets there. When the pressure
drops in the system an explosive decompression can happen. The reason for this explosive
decompression is that the enclosed gas inside the gas pockets expands, and breaks the
sealing gasket. Another disadvantge is that CO2 decreases the viscosity of the lubricant
oil, because it has the tendency to dissipate into it. As a result of this it is advisable to
use oil which quantities can handle this requirements.

2.7 The Kalina cycle

The main theory from the Kalina cycle is taken from DiPippo [7] unless otherwise noted.
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Figure 2.8: T-s diagram to compare R744 with R134a temperature - entropy profile in
the evaporator

The Kalina cycle is using water-ammonia mixtures as working fluid used for power
generation cycles. The simplest configuration of a Kalina cycle is shown in figure 2.9.
The physical plant is more complex than a basic binary plant illustrated in figure 2.9.

The following is a description of the simple basic binary plant of figure 2.9. The separator
(S) allows a saturated vapour that is rich in ammonia to flow through the turbine (T).
This ammonia-rich fluid drops out on the top outlet of the separator. The water-rich
fliud is the second fluid, which leaves the separator on the down side. The water-rich fluid
flows though the control and stop valve (CSV) and is after that mixed together again
with ammiona rich fluid, which is throttled down inside the turbine. The mixture is then
used in a recuperative preheater (RPH) prior to being fully condensed, by the heat sink
inside the condenser (C). At the condensate pump (CP) the ammonia-water mixture is
pumped to the pressure level of the evaporator (E). Inside the evaporator, the working
fluid is vaporized by the temperature input from the heat source and flows then to the
separator. A throttle valve (TV) is necessary to regulate the water-rich working fluid on
the way from the separator, which flows direct to the preheater (PH), and then to the
recuperative preheater. The preheater has the function to precool the separated fluid,
which flows from the separator to the recuperative preheater. The other function of the
preheater is to preheat the water-ammonia mixture, which flows from the recuperative
preheater to the evaporator. The separate cooling loop (heat sink) consists of a cooling
tower (CT), a cooling water pump (CWP), and the makeup water supply (M). The heat
source consists of production well (PW), pump (P), evaporator (E) and injection well
(IW).

A possible difficulty for the Kalina cycle is maintaining very tight pinch-point temperature
differences in the heat exchangers (one that is common to all cycles that strive for high
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Figure 2.9: Kalina cycle with variable composition of the water-ammonia working fluid
[7]

efficiency). Also, the advantage of variable-temperature condensation is reduced because
the condensing isobars of the ammonia-rich H2O-NH3 mixtures used in power cycles are
concave upward, leading to a pinch-point. Thus, there are relatively large temperature
differences at the start and at the end of the condensing process.

The features that distinguish the Kalina cycles (there are several versions) from other
binary cycles are these:

• The working fluid is a binary mixture of H20 and NH3.

• Evaporation and condensation occur at variable temperature.

• Cycle incorporates heat recuperation from turbine exhaust.

• Composition of the mixture may be varied during cycle in some lay-out versions.

There is a Kalina plant in operation in Husavik (Iceland) with a heat source temperature
at the inlet of the evaporator of 124 °C (result of a test 16th –25th September 2002
[8]). The performance of the Kalina cycle in Husavik shows potential for applications in
low-grade heat sources, but the aggressive water-ammonia mixture corroded the turbine,
which needed some maintenance after 15 months in operation. In addition a study of
DiPippo [8] concluded that broad claims of 15 – 50 % more power output for the same
heat input for Kalina cycles relative to binary ORC are not being achieved for plants in
operation so far.
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An overview of the laboratory scale prototype rig is given in the following section. For
a power producing test system it is important to run very stable tests in order to get
reproducible test results. The test facility consists of four different cycles interacting
with each other. This is involving some boundary conditions as well. One focus of this
thesis is to investigate the limitations of important devices at the rig to achieve further
improvements.

3.1 The primary process – expander cycle

The central point of the test facility is the expander cycle. This cycle is illustrated with
purple lines in figure 3.1. The core of this expander cycle, or work recovery circuit, is
the expander. All the other units, which are included this expander cycle, are selected
for the requirements of the expander. An important part of the project is to research
the behavoir of the expander with focus on conditions for maximal power production.
The expander cycle exchanges heat with a heat source (HX-2) and a heat sink (HX-3,
HX-8 and HX-10) through several heat exchangers. A plunger pump is installed after the
condensation heat exchangers to circulate the working fluid CO2 in the expander circuit.
To avoid cavitation inside the plunger pump it is placed at the lowest point of the test
facility. These positioning of the plunger pump features the maximum static pressure of
the working fluid, and the lowest risk for cavitation inside the plunger pump. To avoid
cavitation within the plunger pump, there is placed a receiver and a heat exchanger
(HX-10) before the pump. These devices make sure that always sub cooled liquid, and
no working fluid which is in the gas phase, flows to the plunger pump inlet.

3.1.1 The expander

An expander is a fluid kinetic machine that extracts energy from a fluid flow. With other
words the kinetically energy is converted into rotational energy that can be used to drive
a generator in the case of the Roma test facility. The used prototype has been fabricated
by Obrist engineering. This expander is a classified project, so no additional information
was provided.
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Figure 3.1: Schematic figure of the Roma test facility
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variable value unit

maximal high pressure (inlet) 133 bar

maximal low pressure (outlet) 90 bar

minimal low pressure (outlet) 15 bar

maximal inlet temperature 160 °C

maximal housing temperature 80 °C

maximal mass flow 250 kg
h

maximal driving force (with clutch) 2 Nm

rpm 1 500 - 10 000 1

min

Table 3.1: Technical data sheet of the expander unit [19]

The expander is designed for only CO2 as working fluid. Due to the high revolutions this
machine is very sensitive for axial forces on the shaft. An adjustment plate were installed
to avoid possible damages of the safety coupling (max. driving torque ≤ 2 Nm, table
3.1). Furthermore a burst plate system was installed to protect the expander from inlet
pressures ≥ 133 bar (table 3.1). To launch the expander, a amount of 5 - 10 ml oil has
to be accumulated on the inlet of the expander. To respect this point it was necessary
to built-in an oil separator (illustrated in the loop with black lines in figure 3.1). The
separator accumulates the needed amount of oil for an expander start-up. The oil has
not only a lubrication function. It also has a sealing function too.

3.1.2 The generator

The used generator is a direct current dynamo machine, which had been used as a
dynamo in Volkswagen cars in the late 60’s. Unfortunately no data sheet for the dynamo
was available. For the installed expander it was necessary to find a solution to start it
with a motor, because the minimum rotation speed is at 1 500 rpm, see table 3.1. The
used generator is a DC (direct current) machine which is able to run in motor mode and
providing the necessary rpm to start the expander. When the expander has reached the
minimum rotation speed and pressure difference, the operation mode of the DC machine
can switched from motor to generator mode for electrical power production. A simplified
illustration of the motor and generator mode of a DC machine is illustrated in figure 3.3.

To run the turbine with the DC motor, a battery has to be connected to provide
magnetising current for the copper winding and the magnetic field inside of the DC
machine has to be activated. In generator mode the battery only supplies the power for
the switches and relays. The battery delivers the electrical power for the DC machine
to run as a motor and the load is realized by an external device. This installation was
necessary to protect the battery from a harmfull back flowing current (battery can be
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Figure 3.2: Obrist expander system set-up with torque meter and clutch [19]
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Figure 3.3: Simplified DC machine model illustrating motor and generator mode [25]

polarized or overloaded). So the produced power cannot flow back to the battery. There
are 3 lamps (each with 55 W power) and a heater installed to convert the produced
power to light and heat energy. The magnetising force in motor and generator mode can
be regulated with an external device.

3.1.3 Torque and rotation speed

The torque (top screen in figure 3.4) and the rotation speed (bottom screen in figure
3.4) are the two variables that characterize the expander. The torque is expressed in
Newton meter (Nm) and the rotation speed in revolutions per minute (“U/min” figure
3.4). The display is an important device to check the rotation speed and torque at the
shaft between expander and generator, during a test to avoid dangerous levels of speed
and force. The minimum working conditions for the expander inlet and outlet can be
controlled, on the display during the power producing mode.
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Figure 3.4: Torque meter and rotation speed sensor with digital display [20]

3.2 The heat source - The air loop

The air loop is an important part of the test facility, because it is to simulate the offgas
from the aluminium production cells, which includes the waste heat. This cycle is
illustrated with red lines in figure 3.1. The heat exchanging with the expander cycle is
done with the HX-2 heat exchanger. When the CO2 heat pump is running, using HX-4
as condenser, the air is warmed up by this heat exchanger (HX-4). In case, when there is
need of some supplementary heating to obtain the desired temperature of the air, the
electric heater provides the rest of the heat needed. After the first expander tests the heat
exchanger HX-4 was removed from the air loop (this data are not used for the results in
this thesis). In this case it was required to provide all of the heat, which was needed for
the tests, with the heater. The reason for the dislodged HX-4 was to get more stable air
temperature conditions for the tests. This modification had a positive effect, because the
temperature profile was more stable during all the tests afterwards. The circulation of
the air is provided by an air fan, installed right in front of the position of HX-4.

3.3 The heat sink - The ethylene-glycol loop

The ethylene-glycol loop, which works on the low-pressure side of the expander loop
is represented with blue lines in figure 3.1. The working fluid at the beginning of the
tests, was water inside the ethylene glycol loop. But for tests with a lower condensation
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pressure the cooling fluid was replaced for a ethylene-glycol mixture with an freezing
point of -19.5 °C, because the heat sink was provided then from the heat pump loop with
HX-7 as heat exchanger. For the tests with water as cooling fluid the cooler HX-9 was
used as heat sink, which was cooled with fresh water from the drinking-water pipeline or
an external tank with regenerated water from the laboratory. The major goal of this loop
is to subcool the CO2 which is the working fluid at the expander loop down (circa 10 °C)
below saturation temperature. This is necessary to avoid cavitation at the plunger pump
of the expander loop. Two different constructions of heat exchangers (HX) are at the
ethylene-glycol loop installed. HX-3 is a typical counter flow heat exchanger, whereas
HX-8 and HX-10 are so-called tubular internal heat exchangers. The heat exchangers
operate in parallel in relative to the cooling cycle and in series relative to the expander
circuit (figure 3.1). The cooling performance of these two heat exchangers is controlled
manually by changing the massflow of the cooling fluid, which is distributed between the
heat exchangers. A single pump is used to provide the necessary circulation of the cooling
fluid, which can be controlled by the speed of the electrical motor of the ethylene-glycol
pump.

3.4 Supplementary circuit – heat pump loop

The main reason for constructing this cycle, which is illustrated with green lines in figure
3.1, was to recycle as much as possible of the condensation heat of the expander cycle.
The main working components of a heat pump are the evaporator, the condensers, the
compressor and an expansion device. In this circuit the HX-7 heat exchanger works
as an evaporator, which exchanges the heat from the ethylene-glycol loop to evaporate
the CO2, which is the working fluid at the heat pump loop. The condensation of the
CO2 was provided in HX-4 heat exchanger where CO2 was cooled by air from the warm
air loop, and in the additional heat exchanger (HX-5) the CO2 was cooled even further
(when necessary) by fresh water from the drinking water pipeline. But since the heat
exchanger HX-4 is removed, the heat exchanger HX-5 is the only condenser of the heat
pump loop. So the function of the heat pump loop at the moment is to provide cooling
for the ethylene-glycol loop when needed.

The compressor unit used is a semi-hermetic radial piston compressor with fixed displa-
cement. The expansion device is a manual expansion valve. Furthermore an internal
heat exchanger (HX-6) is installed, to increase the performance of the heat pump and to
provide dry CO2 gas entering the compressor. There is also a receiver in place between
the evaporator and the internal heat exchanger, to provide saturated gas to the internal
heat exchanger, and to contribute to changes of the conditions at the low-pressure side
of the heat pump.
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Figure 3.5: Fitting position of the thermocouples in the air loop before and after HX-2

3.5 Instrumentation

3.5.1 Thermocouples

The thermocouples used in the test facility were made out of material that could stand
temperatures up to 200 °C. This was seen as necessary since the temperatures of the
air coming out of the heater (heater 401 in figure A.1) were planned to operate at
temperatures close to that region. The fitting position of the thermocouples inside the
air loop on the positions before and after HX-2 is illustrated in figure 3.5. The design of
thermocouples measuring temperatures inside tubes (figure 3.6) consists of putting the
thin needle into the tube where liquid or gas flows. A short length of a small tube, which
is closed at one end, holds the thermocouple inside the tube where the fluid streaming.
These thermocouples are used to measure the temperature of the CO2, the ethylene-glycol
water mixture, the warm air and the water. Every thermocouple is connected to a data
acquisition (DAQ). In that way, the temperatures will be logged into a data file on a
computer.

3.5.2 Pressure sensors and massflow meters

As well as the thermocouples, the pressure sensors and massflow meters have to be
connected to the DAQ. The massflow meters (figure 3.7) which are installed at the heat
pump loop, the expander loop and the ethylene-glycol loop measuring self-contained the
parameters for calculating the mass flow and transmit the values to the DAQ. The range
of the final signal given by the pressure sensors and massflowmeters is 4 to 20 mA.
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Figure 3.6: Thermocouple installed in the expander loop

Figure 3.7: A Rheonik RMH 06 mass flow meter installed in the heat pump loop
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4 Expander testing

The first aim for the test work at the Roma test facility was to research the expander
behaviour and applicability for different conditions. The single data together should give
results for the most efficient working conditions of the expander. Another aim of these
tests were to find out the boundary conditions of all single devices of the test facility
when they interacting with each other.

All the results were determined at maiximum available speed of the fan at the air loop
and as in section 3.3 described, without HX-4 (dislodged). All the tests were carried out
without working fluid flow to the oil separator. The oil separator was used to check the
minimal oil flow for the expander start up. When the expander was in stable conditions
in the power production mode the direct flow pipe was used for all the tests (oil and
CO2 together). The minimum data logging time for a series of data was 10 minutes at
stable conditions of the temperatures, the mass flows and the pressures in the Roma test
facility. In all tests that are performed with 60 bar condensation pressure, fresh water
from the drinking water pipeline was used as heat sink for the ethylene-glycol loop.

4.1 Test series I with 1.8 kg/min CO2 mass flow through the

expander, 60 bar condensation pressure and different heat
source temperatures

4.1.1 Basic strategy for test series I

The basic set up for this test series was at fixed condensation conditions at 18 °C and 60
bar after HX-10, and before the plunger pump for all the tests. Furthermore the set-up
for the CO2 massflow at the expander loop was at 1.8 kg

min
. There were three different

heat source temperatures used at the air loop. These heat-source temperatures had been
65 °C, 90 °C and 110 °C.
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Figure 4.1: The t-h diagram for test series I illustrating the tests with the topmost work
production
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Figure 4.2: Test series I: Expander work output and CO2 pump outlet pressure diagram

Figure 4.3: Test series I: Expander efficiency and expander pressure ratio diagram
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4.1.2 Results and discussion for test series I

The t-h diagram in figure 4.1 pesents the results of the three tests at maximal power
production of the expander (each at different heat source temperature). It shows the
transcritical heat addition in HX-2 as well as the heat rejection to the ethylene-glycol
loop, which follow nearly the same pressure conditions to the HX outlet. It can be
also seen that the expansion of the CO2 inside the expander is in the supercritical gas
region of the t-h diagram. The turbine outlet point, which is in that supercritical gas
region, shows that there is a high energy potential that is not used by the expander. One
possibility is to utilize this energy potential by installing a recuperator at the expander
loop (shown in figure A.1). A second altenative is to reintegrate HX-4 to transfer this
energy back to the heat source. A third option, using the existing devices in the test
facility, is to increase the CO2 mass flow. More about this third option in section 4.2.
Furthermore the diagrams in figures 4.2 and 4.3 show the increased efficiency and work
output of the expander with increasing the heat-source temperature of the air loop. In
this figures it is obvious that there is a maximum of efficiency and power output of the
expander in a range for every temperature set-up. The most efficient working conditions
of the plunger pump pressure outlet are at maximum power production of the expander
see figure 4.2. The diagram in figure 4.3 shows the expander pressure ratio for the highest
efficiency of the expander for the three heat-source temperatures that were choosen. But
in the figures 4.2 and 4.3 the effect of different efficiencies and power production were
achieved by a similarly range of pressure. This behaviour could be explained by the
different amount of oil flowing through the heat exchangers during the single tests. This
would be result in a different heat addition from the heat source and heat rejection to
the heat sink.

4.2 Test series II with 65 °C heat source temperature, 60 bar

condensation pressure and different CO2 mass flow through
the expander

4.2.1 Basic strategy for test series II

With the consideration of the results from test series I (subsection 4.1.2), the goal for this
test series was to study the behaviour, and achievable power production with increased
CO2 mass flow at the expander loop. So there were three different CO2 massflows of 1.8

kg
min

, 2.5 kg
min

and 3.0 kg
min

used for this test series. The basic set up for this test series
was to fix the condensation conditions to the range of 18 °C and 60 bar after HX-10, and
before the plunger pump for all the tests. Furthermore the set-up for the heat source
temperature was fixed to the region of 65 °C at the heater in the air loop .
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Figure 4.4: The t-h diagram for test serial II illustrating the tests with the maximum
work production
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Figure 4.5: Test series II: Expander work output and CO2 pump outlet pressure diagram

Figure 4.6: Test series II: Expander efficiency and expander pressure ratio diagram
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4.2.2 Results and discussion for test serial II

The t-h diagram (figure 4.4) presents the results of the three tests (each with a different
CO2 mass flow at the expander loop) with the highest work out of the expander. It can
be seen that with increasing the mass flow at the expander loop the turbine inlet and
outlet temperature is decreasing. For the tests with 1.8 kg

min
and 2.5 kg

min
CO2 massflow,

the expander outlet conditions are in the supercritical gas region in the t-h diagram. The
expander outlet conditions of tests with 3.0 kg

min
CO2 massflow used at the expander

loop, are in the subcritical gas region of the t-h diagram. As a fact of the increased
massflow it can be seen in the figures 4.5 and 4.6 that the efficiency and power output of
the expander was increasing as well.

For the test series with 110 °C heat source temperature it was difficult to have stable
temperature conditions in the air loop, because in some tests the temperature safety
device stops the power supply to the heater (these sets of data are not used for the results
of this section). So after this test session a velocity measurement was realized at the
place were HX-4 was installed . So the velocity profile was measured between heater
and fan at the air loop. The result of this velocity measurement was that at one side of
the air channel the velocity was at the minimum inlet velocity of the heater. There is a
minimum velocity of 0.7 m

s
requested by the manufacturer of the heater. So some heating

elements had reached dangerous temperature levels at 110 °C heat source temperature.
So this is one boundary condition of the air loop. To avoid this effect a fan that provides
a higher air velocity at the heater inlet is necessary, because the fan was running for all
tests at maximum speed.

But like in the section 4.1.2 in some tests illustrated on figures 4.5 and 4.6 the effect of
different efficiencies and power production were achieved in a similar range of pressure.
This behaviour could be explained by the different amount of oil flowing through the
heat exchangers during the single tests. This would be result in a different heat addition
from the heat source and heat rejection to the heat sink.

4.3 Test series III with 3.0 kg/min CO2 mass flow through the
expander, 60 bar condensation pressure and different heat

source temperatures

4.3.1 Basic strategy for test series III

After the evaluation of the test results from test series II the next goal was to study the
expander behaviour with an increased heat source temperature to 90 °C and a used CO2

mass flow of 3.0 kg
min

. The results of this test series are compared with the results with
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a set-up of 65 °C heat source temperature and 3.0 kg
min

mass flow at the expander loop
(series II in section 4.2). The set-up for the condensation conditions was like in test serial
I and II set to of 18 °C and 60 bar after HX-10, and before the plunger pump for all the
tests.

Figure 4.7: The t-h diagram for test series III illustrating the tests with the maximum
work production
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Figure 4.8: Test series III: Expander work output and CO2 pump outlet pressure diagram

Figure 4.9: Test series III: Expander efficiency and expander pressure ratio diagram
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4.3.2 Results and discussion for test series III

For these results an effect for the turbine outlet conditions with increasing the heat source
temperature at the air loop, like in test series I in section 4.1, can be seen. It shows that
the expander outlet point was in supercritical gas region for the test with 90 °C heat
source temperature. As described in sub section 4.1.2 exists for this 90 °C temperature
set-up at the air loop a possibility to utilize more condensation energy potential with
including a recuperator at the expander loop (shown in figure A.1), or to use this amount
of energy with a reintegrated HX-4, which is a possible alternative to transfer this energy
back to the air loop.

To extract the maximum energy from the heat source the CO2 mass flow is to increase.
Because in the test series III with inreasing the CO2 massflow a efficient test set-up was
been found, with less heat rejection to the heat sink.

In contrast to efficiency the highest work production for all the tests with a maximum in
the range of 400 W was achieved with a heat source temperature of 90 °C. As a result of
the increased heat source temperature to 90 °C and a CO2 mass flow of 3.0 kg

min
the test

rig shows some boundary conditions which are the following. The rotation speed of the
expander increased a lot with increase of the heat-source temperature from the maximum
rotation speed in the range of 3 800 1

min
(at 65 °C) to the range of 5 000 1

min
(at 90 °C).

At this high range of rotations the bearings of the generator begin to make alarming
noises. As another result of overstepped performance characteristics of the generator was
an increased housing temperature up to 120 °C and an increase of the output voltage of
32.6 V maximum.

4.4 Test series IV with 65 °C heat source temperature, 1.8

kg/min CO2 mass flow through the expander and different
condensation pressures

4.4.1 Basic strategy for test series IV

For this test series the basic set-up for the heat source (air loop) was in a fixed range of
65 °C. Furthermore the set-up for the CO2 mass flow at the expander loop was fixed in
the region of 1.8 kg

min
.

The gaol was to investigate the behaviour of the test facility on different condensation
conditions, which were 60 bar, 55 bar, 50 bar and 42.5 bar condensation pressure. The
tests with 60 and 50 bar condensation pressure were performed with fresh water from the
drinking-water pipeline used as heat sink for the ethylene-glycol loop. The condensation
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conditions of 55 and 42.5 bar the heat pump loop were used to provide the cooling of the
ethylene-glycol loop (heat sink).

Figure 4.10: The t-h diagram for test series IV illustrating the tests with the maximum
work production
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Figure 4.11: Test series IV: Expander work output and CO2 pump outlet pressure diagram

Figure 4.12: Test series IV: expander Efficiency and expander pressure ratio diagram
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4.4.2 Results and discussion for test series IV

For this test series IV with different condensation conditions it is illustrated in figures
4.11 and 4.12 that with a decreased condensation pressure and temperature the work
output and efficiency of the expander was increased. Furthermore there should be noticed
that it was a lot of effort to keep the facility in stable conditions for tests with the heat
pump providing the cooling for the ethylene-glycol loop. A lot of devices and all four
loops have worked and interacted together. In this test series the test facility was working
without any problems and without reaching any boundary conditions. The results in test
series IV show similar effects as in series I to II. A different work output of the expander
appears at a similar region of pump outlet pressure. This is caused by a different heat
addition and rejection at the heat exchangers. In the results the effect could be seen, that
different efficiencies and power production were achieved in a similarly range of pressure.
This effect illustrated on figures 4.11 and 4.12 . This behaviour could be explained by
the different amount of oil flowing through the heat exchangers during the single tests.
This would be result in a different heat addition from the heat source and heat rejection
to the heat sink too.

4.5 Error estimation

The error of a measurement is the difference between the measured value and the true
value. To express the accuracy of a measured value, the term of uncertainty can help.
The uncertainty of each measured variable redounds to the uncertainty of the final result.
There was a detailed simulation and error estimation of the test facility in the autumn
of 2008, when the work on the Roma project was started. So here is the theroy the
methodology of the error estimation explained. For this theory of error estimination it
is provided that no gross error happend in the test series. Such a gross error e.g. can
happen when the wrong measure range on a flow meter was choosen, or the tests were
not performed with the needed carefulness.

For the ratation speed and tourque meter, the thermocouples, the massflow meters and
the pressure sensors were the fixed accuracy values given by the manufacturer of the
single devices.

To express the accuracy of a measured value, the term of uncertainty can help. It refers to
a possible value that an error may have with defined probability. The uncertainty of one
measured variable is defined as δXi . The uncertainty of each measured variable redounds
to the uncertainty of the final result. The calculated uncertainty for the different variables
is represented with a probability of 95 percent. Measurements are distinguished in single
measurements, sample measurements or multiple-sample measurements. Multiple-sample
means a lot of independent measured values were taken at the same test point, this
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leads to a higher quality of the measured values. For single-sample analysis, the value
δXi is represented by 2σ , where σ is the standard deviation of the measurements. The
single sample Xi was taken from this. The final result R is calculated from a set of
measurements by using:

R = Ri(X1, X2, X3, ..., Xn), (4.1)

Of this final result (R) , X1, ..., Xn are the independent variables. The sensitivity
coefficient for the result R with respect to Xi can be found by partial deviation.

δR =
δR

δXi

δXi (4.2)

All the estimated sensitivity coefficients of the independent variables used in functin R
are combined a root-sum-square method.

δR =

[

N
∑

i=1

(
δR

δXi

δXi)
2

]

1

2

(4.3)

The equations are valid if each of the measurements was independent, the uncertainty in
each measurement was expressed in the same odds and the measurements would follow
the Gaussian distribution. The overall uncertainty consists of fixed errors and random
errors. Fixed errors do not change during the tests. They rely on the accuracy of the
measurement equipment as sensors and logging system. The residual fixed error and
the random error are described by its bias limit and its precision index. Some further
information must be given.

• The mean value of a set of N observations of the measurement.

• The precision index of the mean δX , an estimate of the standard deviation of the
mean of the set of N observations (random error).

• The bias limit of each measurement δX (fixed error). The overall uncertainty can
then be calculated as a function of the overall fixed error and the overall random
error.

δX =
√

(random error)2 + (fixed error)2 (4.4)
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5.1 The purpose of the simulation

After the data analysis of the results of the tests, the aim was to find solutions and
improvements for the existing test facility. Like in chapter 4 described, there are boundary
conditions when the single devices has worked together during some tests. The first
boundary condition was the low inlet velocity of the heater in the air loop at maximum
speed of the fan. As a consequence of this low inlet velocity, the heater has reached the
maximum temperature limit at the heating elements. It could be clearly seen that the
volume flow of the air loop should be increased for further tests with increased heater
temperature in the future. To find out the range of nessesary air volume flow of the
new fan the Pro/II simulation program was used. The second limitation of the test
facility was the high housing temperature of the DC machine in generator mode for the
test series III. Especially with 3.0 kg

min
CO2 massflow at the expander loop and 90 °C

heat source temperature at the air loop. The housing temperature of 120 °C at the DC
machine housing was a result of overloading by work input on the shaft by the expander.
A new generator would be necessary to be able to make tests with increased massflow
and heat source temperature in the future. This generator has to be designed to convert
the increased mechanical work input to electrical power. Like in the case of the fan, the
Pro/II simulation program was used to choose a better size of generator.

5.2 The used simulation model in Pro/II

To simulate the test facility the program Pro/II version 8.2 was used. Pro/II is a
commercial application from Simulation Sciences Incorporated (SimSci) and able to
simulate complex technical processes or to calculate different process parameters. The
program was used to simulate the expander loop, the heat sink (ethylene-glycol loop)
and the heat source (air loop) see figure 5.1. The heat sink in the model consists of only
one heat exchanger. The model was build in this lay-out to simplify it. In reality the
heat sink consists of the heat exchangers HX-3, HX-8 and HX-10.
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Figure 5.1: The used model in the Pro/II software version 8.2

5.2.1 Simulation of the heat transfer coefficient times area of HX-2 with
the existing air-volume flow

The first aim was to find out the optimal range of air-volume flow needed in the air
loop. To find out this optimum of air-volume flow with the simulation model, the heat
transfer coefficient times area (UA value) of HX-2 was needed. This heat exchanger
(HX-2) transfers the energy potential of the heat source to the expander loop. For this
simulation the model in figure 5.1 was used. The input values for this simulations were
based on the results of expander tests. The choosen tests are listed with all the input
values in appendix subsection D.1. There were nine simulations made, one for each
expander test series. The results of these simulations for the UA-value of HX-2 were
not constant. There was a range from 2 288.70 kW

K
up to 4 607.95 kW

K
for the UA value.

This UA value range can be a sign that this heat exchanger design of HX-2 should be
improved. But more about this point in subsection 5.2.3.

5.2.2 Simulation of the needed air-volume flow in the air loop

To simulate the optimal air-volume flow of the air loop, simulations with two different UA
values were performed. The first choosen UA value was 2 000 kW

K
, and the second one

was 4 000 kW
K

. This two UA values were choosen to get informations on the difference
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in the result of the needed air-volume flow at the air loop. For each simulation the UA
value was fixed to a constant value. The plunger pump efficiency was set to a constant
value of 70 %, and the expander efficiency was set to a constant value of 35 %. The high
pressure side of the test facility was increased in steps of 2 bar. The high pressure side is
between plunger pump outlet and expander inlet. Starting pressure of the simulations
was 70 bar, and the end pressure was 99 bar. At the expander outlet a liquid fraction
of the CO2 appears at 97.5 bar or 98.5 bar D.2 pressure at the expander inlet, in the
results of the simulations. This pressure at the expander inlet is the starting pressure,
were a liquid fraction appears on the expander outlet. The test facility is designed for
a maximum pressure of 120 bar in the expander loop. The low pressure side of the
simulation modell was fixed to the condenstion conditions like in expander test series I
to III. These condensation conditions were 18 °C at the plunger pump inlet and 60 bar
pressure at the expander outlet. The inlet and outlet temperatures of the heat exchanger
(HX-2) were set to the average temperatures measured on this heat exchanger in the
expander test series I to III.

The second result of the simulation was the reacheble increased work output. This
increased work output will happen when the air-volume flow at the air loop and of the
CO2 massflow at the expander loop will be increased. A new generator will be necessary
in the future for tests with incresed energy input on the expander. Like in subsection
4.3.2 describet, the existing generator has reached boundary conditions at test series
III, were the energy input to the expander loop was increased. The simulation model
was able to calculate the expander work output with an increased air-volume flow at the
air loop, and an increased CO2 massflow at the expander loop. With this results a new
generator can be choosen, which will be able to convert all the mechanical work input by
the expander to electical energy.

The simulation was performed with a CO2 massflow of 3.5 kg
min

at the expander loop.
The reason for that decision was the positive effect of test series III were, with increasing
the CO2 massflow, the highest efficiency at the expander was reachable in combination
with less energy losses to the heat sink. With all this given values, the simulation model
was able to run the simulation for the necessray volume-flow in the air loop.

The result of this simulation was a maximum of air-volume flow of 1 254.9 m3

h
for a UA

value of 2 000 kW
K

, and for a UA value of 4 000 kW
K

a air-volume flow of 1 258.3 m3

h
,

which would be necessary at the air loop. With the result of this simulation and the
results of the expander tests, the new fan can be choosen. The fan should be able to
provide the air-volume flow between maximum of 1 258.3 m3

h
and the minimum of 531.7

m3

h
. This maximum air-volume flow is a simulation result. The minimum air-volume flow

was the minimum of air-volume flow of all expander tests (Test 15) see D.

Another result of the simulation was a maximum work output at the expander of 297 W.
This result can be found in appendix D.2.6. The new generator has to be able to convert
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this work input by the expander into electrical energy.

5.2.3 Simulation of the heat transfer coefficient times area of HX-2 for the
new air-volume flow

The aim for this simulations was to find out more about the behavior of HX-2 working
on the conditions of the increased air-volume flow at the air loop. Based on results of
subsection 5.2.1 nine different UA values of this exchanger between air loop and expander
loop (HX-2) were found. This values were in a range from 2 288.70 kW

K
up to 4 607.95

kW
K

. So the goal was to make the simulations for the two different UA values of 2 000 kW
K

,

and for 4 000 kW
K

, by using the increased air-volume flow of 1 260 m3

h
. This air-volume

flow was the result of the simulations of subsection 5.2.2. The simulation model in Pro/II
has the possibility to plot a zone analysis of the temperature profile of the working fluids,
which exchanges heat inside the heat exchanger. The simulations were performed with
a constant air-volume flow and inlet tempereature of the heat exchanger. The CO2 on
the inlet and outlet temperatures and pressures were given as well, based on the results
of expander test series I to III. The heat exchanger outlet temperature on the air side
was simulated. This was important to be able to make some simulations with increased
air-volume flow for the behavior of the heat sink and the heater of the air loop.

The results of this simulations for the two different UA values were not explainable by
comparing the reults. The temperature profiles for the two diffent UA values were not
much different in some cases. A disadvantage of this zone analysis modell in Pro/II is
that the program is not able to print the single values used for the calculations. There is
only a tempereature-profile plot function avilable. But this results of the model were
not realistic, so it was necessary to find out the reason for this. After some studys of
the Pro/II software a possibility was found the get the used calculation values for this
zone analysis out of the programs file report of the simulation model. By using this
option, the reason for this not realistic simulation results was found. The simulation
model was not able to keep the UA value constant. For a constant setting of the UA
value of 2 000 kW

K
a maximum difference in the calculations of 1 314.58 kW

K
was found in

the program file report. This detailed results of the not acceptable simulations can be
found in appendix D.3.

To find out more about this behavior of HX-2 and the tempereature profile on the air
outlet side, a another simulation program is necessary. More simulations in this point
would be necessary to find out how the test facility would be work with the increased
air-volume flow at the air loop. Especially it would be impotant to know that the heater
at the air loop is able to provide enough heat for the tests with incresed air-volume flow
in the future. Another impotant point is that the heat sink has to be able to provide
sufficient cooling energy for the increased energy input on the heat source in the future.
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So more prelimary simulations would be necessary for further improvements on the Roma
test facility.
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6 Conclusion and future work

This Master Thesis is a work done as part of the Resource Optimization and recovery in
the Materials industry project (Roma). This project is involved in the development of
a new technology for power production from low temperature heat sources for offgases
from aluminum production cells. The technology is based on an trans-critical Rankine
cycle with CO2 as a working fluid, as the work recovery circuit.

In the development of this new technology, a laboratory scale test facility was planed and
built early in 2009. The center of this test facility is a prototype expander unit. This
expander unit is included in a trans-critical Rankine cycle with CO2 as a working fluid.
In addition the laboratory test facility constitutes of four different cycles interacting with
each other. The air loop delivers heat to the expander cycle and is build to simulate
the low-grade heat source, which would be in reality the off gas from the aluminum
production cells. Another circuit, the ethylene-glycole loop, provides the cooling for the
expander cycle. A heat pump loop working as a supplementary circuit is included. The
heat pump loop is build to extract as much as possible of the condensation heat of the
expander loop, by using the ethylene-glycole loop as intermediate cycle. This recovered
condenstion heat of the expander loop can be transfered back to the heat source (air
loop) by using the heat pump loop.

The work on the Roma project and the power production from temperature heat sources
started with a detailed simulation and uncertainty analysis of the prototype in the
autumn of 2008. This results were used to design the laboratory scaled test faciliy. This
work was continued where the main focus was on instrumentation and experimentals and
improvements on the laboratory scaled test facily.

The research on the expander loop of the Roma test facility has two main aspects. The
first aspect is to take out as much as possible energy from the heat source, which increases
the energy input to the prototype expander. The important parameters for that are
the expander inlet and outlet temperature and pressure. This expander inlet conditions
are provided by the temperature and volume flow in the air loop, and the heat transfer
from the heat source to the working fluid in the expander cycle. The expander outlet
conditions are important too. There is a clear pressure difference between expander inlet
and outlet were the best efficiency of the expander is reachable. The expander outlet
pressure and temperature should be close to the two phase area in the t-h diagram, to
have to transfer less condensation heat to the heat sink as possible. The other aspect
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is to transfer as much as possible of this energy potential to mechanical work in the
expander. The isentropic efficiency of the expander is an indicator to estimate this
work transerd from the energy potential out of the waste heat to mechanical work. The
isentropic efficiency of the expander describes how much of the theoretical expansion
work is extracted in reality inside the expander.

The first aim of this Master Thesis was to research the behavoir of the expander. There
were 81 tests of the expander unit perfomed during the process time of this thesis. The
tests were performed with a set of different working conditions for the expander loop. It
was found out that there exists for the expander in every tested set-up a clear maximium
of efficiency and work output. The expander outlet point went up in the t-h diagram to
the superheated region with increasing the heat source temperature by constant CO2

massflow in the expander loop. In this cases there was an increased energy potential
that was not used by the expander. This energy was transferred to the heat sink. One
possibility to utilize this energy potential is to instal a recuperator at the expander loop.
The second option to use this energy, is to convert it back to the heat sourc by using the
heat pump loop. The third option is to increase the CO2 massflow at the expander loop.
This third option had the effect in the test serial III that the turbine inlet temperature
were decreased and the energy losses to the heat sink were decreased as well. This will
be the prefered way to achieve a good cycle efficiency with the existing test facility.

The second aim of this work was to find the boundary conditions when all four different
cycles of the test facility interacting with each other. It was found out that there are exist
limitations on the generator and the air-volume flow in the air loop. At test series III the
generator has reached a housing temperature of 120 °C and an increased output voltage
of 32.6 V maximum. This was a consequence of overstepped performance characteristics
of the generator. Another boundary condition appears during the tests of series II at the
heat-source temperature set-point of 110 °C. The temperature safety device stops the
power supply to the heater. This was a result of low inlet velocity of air to the heater by
maximal air-volume flow in the air loop. In the future are tests with inceased energy input
to the expander loop planed, based on the results of the expander test series of this thesis.
To be able to increase this energy input in the air loop, an increased air-volume flow in
the air loop is necessary. The existing fan can not provide this increased air-volume flow.
As a fact of this, a new fan is needed, which is able to provide an increased air-volume
flow.

With the knowledge of this boundary conditions of the existing test facility a simulation
model was constructed by using the program Pro/II. The needed air-volume flow and
necessary size of the generator was simulated by using the results of the expander test
series. The simulation was performed for a massflow of 3.5 kg

min
CO2 in the expander

loop. This will be the aim of expander tests in the future, based on the positive results of
expander test series III. The result of the simulation was the needed range of air-volume
flow, and achievable expander power output in the future. The new fan should be able
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to provide an air-volume flow between the maximum of 1 258.3 m3

h
and the minimum

of 531.7 m3

h
. The new generator should be designed for a maximum work input by the

expander of 297 W.

Furthermore there were simulations about the air outlet temperarure of the exchanger
between air loop and expander loop (HX-2) with increased air-volume flow performed.
This results are necessary to perform more simulations to find out how the test facility
would work with the increased air-volume flow at the air loop. Especially it would be
important to know how the behavoir of the heat source and heat sink will be. By using
the zone analysis function in Pro/II, the simulation for the air outlet temperature of heat
exchanger (HX-2) was performed. The results of this simulation were not realistic. The
heat exchanger zone analysis simulation model was not able to keep the heat transfer
coefficient times area value constant. So the resuts of the simulations of the zone analysis
model are not acceptable for further calculations. More preliminary studys by using a
suitable simulation program for the heat sink and heat source would be necessary, for
further improvements at the Roma test facility.
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A Detailed positioning and identify diagrams of the Roma test facility

A Detailed positioning and identify
diagrams of the Roma test facility

Figure A.1: Positioning and identify diagram of the Roma test facility with recuperator
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B Detailed figure of the existnig generator

Figure B.1: The existing DC generator at the Roma test facility [26]
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C Test results and diagrams

C.1 Test results and diagrams with 65 °C heat source
temperature, 1.8 kg/min CO2 mass flow at the expander

loop and 60 bar condensation pressure

Figure C.1: Expander power output and efficiency, for tests with condensation conditions
of 60 bar, 18 °C, with heat source temperature 65 °C and 1.8 kg

min
CO2 mass

flow at the expander loop
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C Test results and diagrams

Table C.1: Tests 1-5
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C Test results and diagrams

Table C.2: Tests 6-10
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C Test results and diagrams

Table C.3: Tests 11-15
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C Test results and diagrams

Table C.4: Tests 16-20
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C Test results and diagrams

Table C.5: Tests 21-24

66



C Test results and diagrams

C.2 Test results and diagrams with 90 °C heat source
temperature, 1.8 kg/min CO2 mass flow at the expander

loop and 60 bar condensation pressure

Figure C.2: Expander power output and efficiency, for tests with condensation conditions
of 60 bar, 18 °C, with heat source temperature 65 °C and 1.8 kg

min
CO2 mass

flow at the expander loop
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C Test results and diagrams

Table C.6: Tests 25-29
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C Test results and diagrams

Table C.7: Tests 30-34
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C Test results and diagrams

C.3 Test results and diagrams with 110 °C heat source
temperature, 1.8 kg/min CO2 mass flow at the expander

loop and 60 bar condensation pressure

Figure C.3: Expander power output and efficiency, for tests with condensation conditions
of 60 bar, 18 °C, with heat source temperature 110 °C and 1.8 kg

min
CO2 mass

flow at the expander loop
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C Test results and diagrams

Table C.8: Tests 35-39
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C Test results and diagrams

Table C.9: Tests 40-42
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C Test results and diagrams

C.4 Test results and diagrams with 65 °C heat source
temperature, 2.5 kg/min CO2 mass flow at the expander

loop and 60 bar condensation pressure

Figure C.4: Expander power output and efficiency, for tests with condensation conditions
of 60 bar, 18 °C, with heat source temperature 65 °C and 2.5 kg

min
CO2 mass

flow at the expander loop
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C Test results and diagrams

Table C.10: Tests 43-47
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C Test results and diagrams

Table C.11: Tests 48-49
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C Test results and diagrams

C.5 Test results and diagrams with 65 °C heat source
temperature, 3.0 kg/min CO2 mass flow at the expander

loop and 60 bar condensation pressure

Figure C.5: Expander power output and efficiency, for tests with condensation conditions
of 60 bar, 18 °C, with heat source temperature 65 °C and 3.0 kg

min
CO2 mass

flow at the expander loop
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C Test results and diagrams

Table C.12: Tests 50-54
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C Test results and diagrams

Table C.13: Tests 55-56
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C Test results and diagrams

C.6 Test results and diagrams with 90 °C heat source
temperature, 3.0 kg/min CO2 mass flow at the expander

loop and 60 bar condensation pressure

Figure C.6: Expander power output and efficiency, for tests with condensation conditions
of 60 bar, 18 °C, with heat source temperature 90 °C and 3.0 kg

min
CO2 mass

flow at the expander loop
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C Test results and diagrams

Table C.14: Tests 57-61
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C Test results and diagrams

Table C.15: Tests 62-63
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C Test results and diagrams

C.7 Test results and diagrams with 65 °C heat source
temperature, 1.8 kg/min CO2 mass flow at the expander

loop and 55 bar condensation pressure

Figure C.7: Expander power output and efficiency, for tests with condensation conditions
of 55 bar, 18 °C, with heat source temperature 65 °C and 1.8 kg

min
CO2 mass

flow at the expander loop
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C Test results and diagrams

Table C.16: Tests 64-66
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C Test results and diagrams

C.8 Test results and diagrams with 65 °C heat source
temperature, 1.8 kg/min CO2 mass flow at the expander

loop and 50 bar condensation pressure

Figure C.8: Expander power output and efficiency, for tests with condensation conditions
of 50 bar, 18 °C, with heat source temperature 65 °C and 1.8 kg

min
CO2 mass

flow at the expander loop
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C Test results and diagrams

Table C.17: Tests 67-71

85



C Test results and diagrams

Table C.18: Tests 72-73
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C Test results and diagrams

C.9 Test results and diagrams with 65 °C heat source
temperature, 1.8 kg/min CO2 mass flow at the expander

loop and 42.5 bar condensation pressure

Figure C.9: Expander power output and efficiency, for tests with condensation conditions
of 42.5 bar, 18 °C, with heat source temperature 65 °C and 1.8 kg

min
CO2

mass flow at the expander loop

87



C Test results and diagrams

Table C.19: Tests 74-78
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C Test results and diagrams

Table C.20: Tests 79-81
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D Results and input datas from the
simulations

D.1 Input datas and results of the simulation for the heat
transfer coefficient times area of HX-2

Figure D.1: Simulation input datas and results for the UA value
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D Results and input datas from the simulations

Figure D.2: Simulation input datas and results for the UA value
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D Results and input datas from the simulations

D.2 Simulation results of the needed air-volume flow in the air
loop and the work output at the expander

D.2.1 Simulation results for the simulation for an UA value of 2 000 kW
K

,

heat source temperature 65 °C and CO2massflow of 3.5 kg

min

Figure D.3: Simulation results for the simulation for an UA value of 2 000 kW
K

, heat

source temperature 65 °C and CO2massflow of 3.5 kg
min
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D Results and input datas from the simulations

D.2.2 Simulation results for the simulation for an UA value of 2 000 kW
K

,

heat source temperature 90 °C and CO2massflow of 3.5 kg

min

Figure D.4: Simulation results for the simulation for an UA value of 2 000 kW
K

, heat

source temperature 90 °C and CO2massflow of 3.5 kg
min
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D Results and input datas from the simulations

D.2.3 Simulation results for the simulation for an UA value of 2 000 kW
K

,

heat source temperature 110 °C and CO2massflow of 3.5 kg

min

Figure D.5: Simulation results for the simulation for an UA value of 2 000 kW
K

, heat

source temperature 110 °C and CO2massflow of 3.5 kg
min
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D Results and input datas from the simulations

D.2.4 Simulation results for the simulation for an UA value of 4 000 kW
K

,

heat source temperature 65 °C and CO2massflow of 3.5 kg

min

Figure D.6: Simulation results for the simulation for an UA value of 4 000 kW
K

, heat

source temperature 65 °C and CO2massflow of 3.5 kg
min
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D Results and input datas from the simulations

D.2.5 Simulation results for the simulation for an UA value of 4 000 kW
K

,

heat source temperature 90 °C and CO2massflow of 3.5 kg

min

Figure D.7: Simulation results for the simulation for an UA value of 4 000 kW
K

, heat

source temperature 90 °C and CO2massflow of 3.5 kg
min
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D Results and input datas from the simulations

D.2.6 Simulation results for the simulation for an UA value of 4 000 kW
K

,

heat source temperature 110 °C and CO2massflow of 3.5 kg

min

Figure D.8: Simulation results for the simulation for an UA value of 4 000 kW
K

, heat

source temperature 110 °C and CO2massflow of 3.5 kg
min
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D Results and input datas from the simulations

D.3 Simulation results of the heat transfer coefficient times
area of HX-2 for the increased air-volume flow

D.3.1 Zone analysis results for the simulation for an UA value of 2 000 kW
K

,

a heat source temperature 65 °C and a CO2massflow of 3.5 kg

min

Figure D.9: Results and Pro/II plot from the zone analysis model of the increased air-
volume flow
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D Results and input datas from the simulations

D.3.2 Zone analysis results for the simulation for an UA value of 2 000 kW
K

,

a heat source temperature 90 °C and a CO2massflow of 3.5 kg

min

Figure D.10: Results and Pro/II plot from the zone analysis model of the increased
air-volume flow
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D Results and input datas from the simulations

D.3.3 Zone analysis results for the simulation for an UA value of 2 000 kW
K

,

a heat source temperature 110 °C and a CO2massflow of 3.5 kg

min

Figure D.11: Results and Pro/II plot from the zone analysis model of the increased
air-volume flow
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D Results and input datas from the simulations

D.3.4 Zone analysis results for the simulation for an UA value of 4 000 kW
K

,

a heat source temperature 65 °C and a CO2massflow of 3.5 kg

min

Figure D.12: Results and Pro/II plot from the zone analysis model of the increased
air-volume flow
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D Results and input datas from the simulations

D.3.5 Zone analysis results for the simulation for an UA value of 4 000 kW
K

,

a heat source temperature 90 °C and a CO2massflow of 3.5 kg

min

Figure D.13: Results and Pro/II plot from the zone analysis model of the increased
air-volume flow

102



D Results and input datas from the simulations

D.3.6 Zone analysis results for the simulation for an UA value of 4 000 kW
K

,

a heat source temperature 110 °C and a CO2massflow of 3.5 kg

min

Figure D.14: Results and Pro/II plot from the zone analysis model of the increased
air-volume flow
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