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Abstract

One of the main options for reducing emissions in industry is to improve energy efficiency, which can be
achieved by converting low-grade industrial surplus heat into electricity. This memo explores the
potential and feasibility of different "heat-to-power" technologies for application in industrial surplus
heat recovery. Several technologies are described and evaluated qualitatively for typical low-to-medium
temperature heat sources in HighEFF partner industries, with the aim of identifying a set of promising
technologies. Evaluations are based on published literature and research experience at SINTEF Energy
Research, and indicate that technologies deriving from the Rankine cycle have most potential.
Conventional and novel technologies such as the Stirling engine and PCM technology appear to be less
promising for the considered application. Literature indicates that total system size and heat source
temperature are critical to the thermodynamic performance of technologies, and should be considered
in fair comparison. The memo serves as basis for future activities in WP3.1 Energy-to-power conversion,
including a quantitative evaluation of promising technologies.
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1 Introduction

1.1 Background for heat-to-power conversion in HighEFF

This aim of this memo is to explore the potential and feasibility of different heat-to-power technologies for
low-to-medium temperature surplus heat (i.e. heat source temperatures below 300°C). Figure 1 illustrates
three possible ways of re-utilizing recovered surplus heat, where direct use of the recovered energy as heat
gives the highest rate of recovered-to-reutilized energy, followed by heat upgrade (e.g. use of a heat
pump). The potential maximum levels of yield rate are directly connected to the thermodynamic concept of
exergy, a term which describes the quality of energy in thermodynamic systems. Electric power is
considered 100 % exergy, while thermal energy at e.g. 300 °C only contains ~50% exergy. Therefore, the
lowest yield rate comes from conversion of heat to electric power because only the exergy will be re-
utilized in this case. The concept of exergy is explained in more detailed in the HighEFF deliverable
D4.2_2017.04, called "Thermodynamics of surplus heat-to-power conversion, for dummies".

From a thermodynamic perspective, direct use or heat upgrade should be used over heat-to-power
conversion whenever there is a practical use for the recovered energy as heat. However, for industries with
large amounts of surplus heat or where reuse of heat is not needed in sufficiently significant amounts
nearby, heat-to-power conversion becomes an interesting option. This is a typical situation in most
Norwegian power-intensive industries, particularly oil and gas and metal industry, but also within the food
and chemical sectors. The existence of substantial amounts of low-to-medium temperature surplus heat in
these industries is both the reason and the primary target for the efforts on heat-to-power conversion in
HighEFF.

Heat Heat
capture upgrade
[ Conversion
to el. power

Figure 1 Surplus heat utilization
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1.2  Evaluating heat-to-power technologies in a HighEFF context

Heat-to-power technologies will be evaluated for relevant heat sources in HighEFF partner industries, with
the primary goal that technologies shall contribute to significant impact for targeted industry processes.
The evaluation is based on initial investigation into the field of heat-to-power technologies, and considers
published literature and research experience at SINTEF Energy Research. It is purely qualitative and will
serve as basis for a more comprehensive, quantitative evaluation in 2018.

Figure 2 shows the main stages that will be performed in evaluation of heat-to-power technologies for the
industry in HighEFF. Stage 1 and Stage 2 are covered in this memo, and Stage 2 and 3 will continue in 2018.
Results of Stage 1 and 2 technology evaluations are given Table 1.

Stage 1 Stage 2 . Stage 3
Technology screening Qualitative evaluation Quantitative evaluation

Quantify impact of
promising technologies in
prioritized HighEFF cases

Map potential heat-to- Identify promising
power technologies technologies

Figure 2 The main stages in evaluation of heat-to-power technologies for the industry in HighEFF

1.2.1 Relevant low-to-medium temperature heat sources in HighEFF partner industries

Heat-to-power technologies described in this memo will be evaluated based on their potential to utilize
heat from relevant heat sources in HighEFF. The memo targets low-to-medium temperature heat sources
specifically, but high temperature heat sources (> 300°C ) are also relevant in HighEFF, and will be explored
in future work. Relevant low-to-medium temperature heat sources are characterized by the following:

e Heat source temperature is in the "low-to-medium" range, i.e. below 300°C

e Heat sources are sensible, i.e. heat source temperature is reduced as heat is extracted
e Energy content in the heat source is significant

e Lower limit on heat source outlet temperature is common in several applications

1.2.2 Evaluating heat-to-power technologies with the concept of exergy

The concept of exergy is central in evaluation of technology performance, and refers to the maximum
potential work output that can be produced from a process operating between a heat source and heat sink.
Exergy losses reduce the potential power output from a process, and are present in any heat-to-power
technology. However, some technologies can better utilize the potential work that exists between a heat
source and heat sink, and will achieve a higher exergy efficiency (fraction of net power produced to the
available exergy in the heat source).

It is desirable to identify the highest performing technologies in terms of exergy efficiency. An indication of
exergy efficiency is how well the process is adapted to the temperature level and characteristics of the heat
source and heat sink, and an important concept in this respect is "temperature matching". A good
temperature match refers a close approach between the working fluid temperature and the heat source or
heat sink temperature in the heat exchangers, and will contribute to low heat exchanger exergy losses.
Other important parameters in technology evaluation include maturity level and process simplicity, and are
also considered. Some general considerations and rules that shall apply in all technology evaluations and
case studies involving surplus heat-to-power technologies are given in Appendix A

D3.1_2017.01 Heat-to-power technologies Page 5 of 28
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Table 1 Evaluation of technologies for heat-to-power conversion from heat sources in temp. range 150-200 °C

Group | Technology | Maturity Simplicity |Performance Technology description and evaluation basis
Conventional technology for high temperature heat-to-power
Steam - - . -
Rankine conversion. Power is produced by expanding presserlzed water through
. ovele an expander. Not mature and has low performance in relevant
Cilasl‘flc Y temperature range.
ech-
nologies - Cyclical expansioq a}nd compression of gas drives rotation of a
Stirling flywheel. High efficiency for small scale plants, but has scale up
engine challenges and is poorly suited for sensible cooling. Not mature and has
low efficiency in large scale waste heat recovery.
4 Operating principles similar to the steam cycle, but working fluids are
R(_: Basic RC adapted for low-to-medium temperature heat recovery. Thermodynamic
family potential limited by low heat source temperatures. Simple system and
mature for low-to-medium temperature heat sources.
RC with Pure working fluid in RC replaced with zeotropic working fluid
Simple mixture as mixture. Temperature match in evaporator and condenser improved.
cycles . : Does not add system complexity, but affects heat transfer. Maturity low
working fluid . -
due to absence of experiments and demonstration plants.
RC with evaporation pressure above critical pressure, which improves
Transcritical temperature match with heat source. Simple system, only difference
RC from basic RC is that evaporator is replaced with heater. Medium
performance, as demonstrations plants have shown promising results.
A - Fluid expands from liquid into two-phase region, which requires two-
Trilateral - .
flash cycle phase expander and improves temperature match in heater. _Two-pha}se
TFC ' expanders have low maturity and increase process complexity. Medium
performance due to low expander efficiency and high pumping power.
Flash Partiall Similar to TFC, but allows partial evaporation of working fluid.
cycles Yy Reduces pumping power and size of heater compared to equivalent
evaporating - - .
TFC, but also gives poorer temperature match in heater. Maturity,
cycle, PEC L B
v simplicity and performance similar to TFC.
Similar to TFC, but separation of liquid and vapor prior to expansion
Flash cycle, eliminates two-phase expansion. Introduces additional throttling losses,
FC and reduces mass flow through expander. More complex system than
v the TFC, but higher maturity as two-phase expander is not required.
Dual Evaporation of working fluid at two pressure levels. Heat recovery from
ressure heat source improves, resulting in improved performance compared to
P basic RC. Mature in geothermal sector, not implemented in industrial
cycle 9 not imple
waste heat recovery. Complex system with multiple components.
Kalina cycle, CCC and salt-water absorption cycle. Evaporator of RC
Absorption replaced with desorber, and/or condenser replaced with absorber.
cycles Thermodynamic performance improves, relatively complex system.
Kalina cycle is commercialized, but the other cycles have low maturity.
Produces electricity directly from heat with semiconductors that conduct
TEG electricity when exposed to temperature difference. Concepts utilizing
larger, finite heat sources not demonstrated, but possible option where
conventional cycles are difficult to implement. Relatively low efficiency
Other Developed for desalination of water, but also produces high pressure
tech- Membrane steam that is expanded through a turbine to produce power. Could be
noloaies technology suitable for regions with lacking drinking water and electricity infra-
9 structure. Not developed for industrial scale heat. Relatively complex.
Cyclical expansion and contraction of phase change material realises
PCM production of mechanical work. Currently in early stages of
technology development, but plans exist to develop a 1 MW system. A relatively

low efficiency of 7.5 % has been demonstrated.

D3.1_2017.01 Heat-to-power technologies
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2 Technologies for heat-to-power conversion

2.1 Steam Rankine cycle

The Steam Rankine cycle is perhaps the most well-known of all heat engines, having driven the industrial
revolution and is still the most used cycle to produce electricity in the world, for example from fossil and
nuclear fuels. The Steam Rankine cycle is a closed thermodynamic cycle for conversion of heat to power,
and is built up of the four main process components sketched in Figure 3. The process is also drawn in a
temperature-entropy diagram, which shows the change in states of the working fluid during an ideal
process. Power is generated by transferring heat from a heat source to high pressure water that then boils
into steam in an evaporator/boiler (2-3), and expanding the steam through an expander (3-4). The
expander is connected to an electric generator that converts mechanical energy into electricity. After the
expansion process, energy is still present in the steam in the form of low grade heat, which is rejected to a
heat sink in a condenser (4-1). The water is then pumped back to high pressure (1-2), and into the boiler
once again.

Qin

AN

Boiler A

I

Turbine

Pump \ W pump, in

W turb, out

W pump, in

Condenser >

\ Qo T-S diagram
Figure 3 Principle sketch of a Steam Rankine cycle [1]

Due to the properties of water, the Steam Rankine cycle is suited for heat source temperatures above
450°C [2]. Water is the primary choice of working fluid for several reasons, including low flammability, GWP
and price, as well as high chemical stability. Several properties make water unsuitable for low-to-medium
temperature heat recovery. For instance, water is a "wet" fluid, meaning that the slope of its dew point
curve in a temperature-entropy diagram is negative, as seen in Figure 4. As a result, superheating is
required to avoid expansion in the two-phase region, which significantly reduces cycle efficiency in low-to-
medium temperature heat recovery. Furthermore, steam cycles typically require some additional auxiliary
systems such as makeup water and maintenance requirements are high. This makes the steam cycle
unsuited for low capacity plants (typically lower than a few MW of electric output) [2] and un-manned
operation. Another challenge with steam is sub-atmospheric condensation pressures.
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Figure 4 Principle temperature-entropy diagram of water (steam) and a selection of other fluids [2]

Several cycle modifications can be implemented to increase the performance of Steam Rankine cycles. A
common modification is illustrated in Figure 5, where the working fluid is reheated by the evaporator (2-2')
between two expansion stages such two-phase expansion is avoided. Reheat can be used to increase the
average temperature of heat addition and improve cycle efficiency.

Turbine
L e Electric
stage  siage prwer

o mi-"f%/

2 =)
Muchear 3 B
heas g Reheat 2
aurce 1 I
5 ; Condensi -3
yy 2 Radistor g
[y =
__"'Qrﬁbcl:
w.
— 1. oy ©
Rankine cycle with reheat

Figure 5 Principle sketch (left) and temperature-entropy diagram (right) of a Steam Rankine cycle with reheat [3]

2.2 Rankine cycle with other working fluids

2.2.1 Basic Rankine cycle

The basic Rankine cycle (RC) is similar to the Steam Rankine cycle in operating principles, but other working
fluids than water are used to make the cycle efficient for heat source temperatures down to ~80°C.
Working fluids used in basic RCs are typically "dry" or "isentropic", meaning that the slopes of their dew
point curves are either positive or zero, e.g. pentane (dry) or R134a (isentropic) in Figure 4. Their critical
temperatures are also lower than that of water. Such fluids may eliminate the need for superheating, sub-
atmospheric condensation pressure, and need for auxiliary systems. This, combined with lower

D3.1_2017.01 Heat-to-power technologies Page 8 of 28
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maintenance requirements than for steam cycles, makes the basic RC applicable for decentralised and small
scale power plants with electric outputs as low as 5 kW. The cycle can also be used in high capacity plants
with power outputs up to several MW [2, 4].

The basic RC is widely commercialized, and is the most mature technology for low-to-medium temperature
heat recovery. However, there are several challenges with the basic RC, including low cycle efficiency, high
back work ratio (pumping power relative to expander power), as well as flammability and high GWP of
working fluids. Different cycle modifications have been suggested to increase the performance of the cycle.
These typically introduce new components or working fluids to reduce cycle exergy losses and increase
work output. The cycles may appear theoretically similar, but require different process layouts and
complexity, which impacts cycle costs and feasibility. Different RC technologies are discussed in the
following sections in this chapter.

a b
E t 2
vaporator i
N WF—L Expander
=yt ™ — ¥
7 ¥ ® L <=/
31 Generator 5
o m, » B
1 ki GF
[ e

( «}-«— Condenser
oy

P

pump

Figure 6 Principle sketch (a) and temperature-entropy diagram (b) of a basic Rankine cycle [5]

2.2.2 Recuperated Rankine cycle

A recuperated Rankine cycle includes an internal heat exchanger that lets the expander outlet stream
preheat the pump outlet stream before it enters the evaporation, as sketched in Figure 7a. The recuperator
reduces the specific enthalpy change during evaporation (Ah), which allows a higher working fluid mass
flow for the same heat input (Q = ni - Ah), and increases work output. Another way of explaining the
improvement with a recuperator is that it improves the temperature match between the working fluid and
the heat source and sink. This improves work output, as explained in Section 1.2.2.

Two criteria need to be present for a recuperator to be useful. Firstly, a significant desuperheating region
needs to be present prior to condensation and secondly, there should be a lower limit on the heat source
outlet temperature [6]. A recuperator is typically useful for industries with lower limits on heat source
outlet temperature, such as aluminium industry where the waste heat typically cannot be cooled to less
than 80°C because of acid condensation or downstream gas cleaning processes [6].

A disadvantage of recuperated RCs is the requirement of an additional process component, which increases
cycle investment costs. Larger heat exchangers, or heat exchanger surface area, may also be necessary to
increase performance with a recuperator. Experimental research has demonstrated improved cycle
efficiency with the use of a recuperator, and a recuperated cycle has been developed and put into
operation by RC manufacturers such as Turboden [2, 5].

D3.1_2017.01 Heat-to-power technologies Page 9 of 28
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Figure 7 Principle sketch (a) and temperature-entropy diagram (b) of an RC with recuperator [5]

2.2.3 Transcritical Rankine cycle

A transcritical Rankine cycle is similar to the basic RC, except that the working fluid absorbs heat at a
pressure above critical pressure, as sketched in Figure 8 (1-2). This causes heat input to occur at a gliding
temperature change of the working fluid, allowing for an improved temperature match between the
working fluid and heat source. In a transcritical cycle, the evaporator is replaced by a heater, but otherwise,
the process layout is quite similar to a basic RC. However, transcritical cycles may have higher operating
pressures which could limit component availability and affect cost. Other challenges reported in the
literature include supersonic flows (fluid speed > sonic speed), large volume ratios across the expander and
high pumping power requirements [6].

SINTEF Energy Research has studied transcritical CO; and transcritical hydrocarbon Rankine cycles in
projects such as KMB Effort, KMB Roma and COPRO. There is a limited number of commercially available
low- to medium temperature transcritical systems, but there is currently an available CO;, system for high
temperature heat recovery (532°C) from Echogen. Demonstration plants have shown promising results in
the low- to medium temperature range, such as a prototype plant developed by Turboden that was put
into operation by Enel in 2012. The plant operated with a nominal heat source temperature of 152°C and
produced a net power of 364 kW at design condition. An improvement of 15-20 % in net annual power

output compared to subcritical operation of the plant was demonstrated, as well as improved operational
flexibility [7].

5TTe

@

-
-

Figure 8 Temperature-entropy diagram of a transcritical Rankine cycle. The numbers refer to the sketch in Figure 6a

[5]
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2.2.4 Trilateral flash cycle

In the trilateral flash cycle (TFC), the working fluid expands directly from saturated liquid and into the two-
phase region (2-3 in Figure 9), such that no evaporation takes place during heat input from the heat source.
As a result, the temperature match in the heater is improved. Analytical studies have shown that the TFC
outperforms the basic RC in terms of exergy efficiency, and the transcritical cycle in terms of heat recovery
[5]. Some suggest that the investment cost of a TFC could be lower than an RC due to a simpler system [8].

The TFC requires specifically designed two-phase expanders, which have lower efficiencies than
conventional vapor-phase expanders. A paper by SINTEF Energy Research (submitted to the Gustav
Lorentzen conference in 2018 [9]) accounted for lower expander efficiency, and showed that this penalizes
the TFC-performance compared to the basic RC. Still, the TFC achieved up to 10 % higher work output than
the basic RC for a heat source a 100°C, but the performance was comparable for heat sources at 150°C and
200°C. Other challenges with the TFC were higher heat exchanger area, expander outlet volume and
pumping power relative to expander power. Higher areas were caused by a closer temperature match
during heat absorption, as well as lower heat transfer coefficients during one-phase heat transfer
compared to what is commonly seen for boiling in an evaporator. Higher specific pumping power was
caused by a lower specific enthalpy change during heat absorption, which increased mass flow.

The TFC, including development of two-phase expanders, is still in the research phase, but pilot plants have
demonstrated successful operation of the technology by using a commercially available two-phase
expander [10].

Figure 9 Principle temperature-entropy diagram of a trilateral flash cycle. The numbers refer to the sketch in Figure
6a [5]

2.2.5 Partially evaporating cycle

The partially evaporating cycle (PEC, Figure 10) is similar to the TFC but, as the name suggests, allows
partial evaporation of the working fluid. Partial evaporation will "remedy" some of the disadvantages of the
TFC compared to the RC; heat exchanger area will be reduced due to higher heat transfer coefficients and
greater temperature differences in the heater/evaporator, and the pumping power is reduced due to a
lower working fluid mass flow. At the same time, heat recovery is reduced due to a poorer temperature
match during heat absorption. Partial evaporation will also add complexity to the heat exchanger compared

D3.1_2017.01 Heat-to-power technologies Page 11 of 28
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to the single-phase heat transfer of a TFC. Consequently, the PEC can be optimized to combine the
advantages of the TFC and RC [11, 12].

The partially evaporating cycle was analysed and compared to an RC by Traedal, Rohde [12]. They
considered variable expander efficiency and detailed heat transfer and pressure drop models, and found
that the PEC achieved 3 % higher work output than the RC for a heat source temperature of 100°C, and
required approximately the same heat exchanger area. The PEC did not show any improvement for heat
sources at 150°C and 200°C. The TFC was also studied, and showed the poorest performance.

=

v

S

Figure 10 Principle temperature-entropy diagram of a partially evaporating cycle [13]

2.2.6 Flash cycle

The flash cycle (FC), illustrated in Figure 11, is similar to the TFC, except that the working fluid is separated
into liquid (10) and vapor (2) in a flash tank after the heater. The vapor proceeds to the expander, whereas
the liquid is throttled down to the low-side pressure (10-11), where it is mixed with the vapor exiting the
expander. The arrangement eliminates the two-phase expansion of TFCs and PECs, while the close
temperature approach in the heater is maintained. Despite improved heat recovery, previous studies have
indicated that throttling losses reduce cycle efficiency and work output compared to an optimized, basic RC
[5]. Separation of liquid and vapor before expansion also reduces the mass flow through the expander.

Different cycle modifications are possible, such as replacing the throttling valve with a two-phase expander
or flashing the working fluid in two steps, where the vapor from each step is fed to two different expander
stages. Such modifications have been shown to improve work output between 5-20 % for hydrocarbons
when comparing to an optimized RC, but only between 2-4 % improvement for siloxanes [5].

D3.1_2017.01 Heat-to-power technologies Page 12 of 28
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Figure 11 Principle sketch (a) and temperature-entropy diagram (b) of a flash cycle [5]

An alternative FC is shown in Figure 12. The fluid is partly evaporated and flashed in two stages, where the
vapor from both flash tanks is fed to the expander (2 and 12). Instead of mixing the liquid and vapor after
expansion, the liquid from the second flash tank (10) is fed directly to a pump ("Pump 2") and back to the
heater. For heat sources between 90°C and 160°C and using organic working fluids, this has been shown to
give between 4-25 % improvement compared to a basic RC, but the study in question only considered
partly optimized cycles. This arrangement may necessitate two heaters and an extra expander, and is less
implemented than systems with one flash tank, which is common in geothermal power plants [14].

Flash tank
| @
Separator Expander
Evaporatoﬂ:mwé _ S

TN v (@)| Generator
@

Mg+ @

—

@ ®
@ g Condenser

Figure 12 Principle sketch (a) and temperature-entropy diagram (b) of an alternative flash cycle [5]

2.2.7 Dual pressure cycle

A dual pressure cycle, or "two-stage" cycle, is sketched in Figure 13. The cycle is theoretically similar to a
basic ORC, but has two evaporation pressures and necessitates two evaporators, expanders and pumps.
The heat source is cooled in series through the two evaporators, and the working fluid is split and pumped
to two different pressure levels to receive heat in the evaporators. It is also possible that two heat sources
at different temperature levels enters the evaporators in parallel. Dual pressure cycles allow improved
temperature match with the heat source(s) and lower heat source outlet temperature, and increases heat
recovery [15].

Several analytical studies of dual pressure cycles have demonstrated improved performance compared to
the basic cycle. For instance, one study showed 25 % improvement in work output for a heat source at
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100°C [5], and another showed 21 % improvement for a heat source at 175°C [3]. The improvement in
performance comes with added cycle complexity and equipment costs. Dual pressure cycles are likely only
profitable for high capacity units that can exploit the additional efficiency, for example in geothermal,
cement and steel production industries [15]. Dual pressure systems are already commercialized within the
geothermal sector, with technology providers such as Ormat Technologies [5].
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Figure 13 Principle sketch (made inhouse) and temperature-entropy diagram of a dual pressure cycle [16]

2.2.8 RC with zeotropic mixtures as working fluid

An RC with a zeotropic mixture as working fluid is illustrated in Figure 14, where temperature glides are
present during evaporation and condensation. The temperature glides during evaporation and
condensation are created by the different boiling point temperatures of the fluid components in the
mixture, and improve temperature match in the heat exchangers. Contrary to the transcritical cycle and
other technologies with gliding temperature during heat absorption, mixtures reduce exergy losses in the
condenser as well as the evaporator.

To improve the annual efficiency of RCs with fluctuating ambient (or heat sink) temperature, dynamic
mixture composition control can be used. Changing the mixture composition controls the temperature
glide during condensation, and could be tuned to e.g. enable lower condensing temperatures in cold
periods. This has been shown to improve efficiency by up to 23 % for a heat source at 100°C [17].

RCs with working fluid mixtures may require slightly higher heat exchanger areas than basic RCs, both due
to reduced heat exchanger temperature differences and lower heat transfer coefficients. Other challenges
include limited knowledge of heat transfer and pressure drop of zeotropic mixtures, as well as a risk of fluid
fraction [5]. Moreover, there is limited availability of experimental research on the use of mixtures. An
experimental study by Wang, Zhao [18] demonstrated improvement compared to pure fluid, and confirmed
the possibility for capacity adjustment with composition variation.
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Figure 14 Principle temperature-entropy diagram of an RC with pure working fluid (left) and an RC with mixed
working fluid (right) [13]

2.2.9 Other Rankine cycle architectures

Several other RC architectures and configurations exist, but are currently considered to be less relevant for
the current applications. Some of the more established are discussed briefly in the following.

Cascade RC

In a cascade RC, shown in Figure 15, two RCs are combined through a common heat exchanger (cascade
heat exchanger) that acts as the condenser of the top cycle and the evaporator of the bottom cycle. The
cycle receives heat in the evaporator of the top cycle, and rejects heat in the condenser of the bottom
cycle. The top and bottom cycles can use different fluids that are optimized for the heat source and heat
sink, respectively, which improves cycle efficiency. However, an extra heat exchanger introduces additional
heat exchanger exergy loss in the cycle, which may be high compared to the total exergy content in low-to-
medium temperature heat sources.

Heat source

Evaporator

Top cycle E —>

<
o
-
<
<

Pump 2

Cascade heat

exchanger
Pump 1 { Bottom cycle E [
Condenser

Exp. 2
Exp. 1
Heat sink ’—' l
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Figure 15 Principle sketch of a cascade RC

Regenerative RC with turbine bleeding

Regenerative cycles with turbine bleeding are common implementations in Steam Rankine cycles, but can
also be used in RCs. In the cycle, a fraction of the working fluid is extracted from the expander (point 8 in
Figure 16) and used to preheat, or regenerate, the working fluid. The effect on cycle performance is similar
to that of a recuperator, with possibility for improved performance when there is a lower limit on heat
source outlet temperature [19]. A drawback of turbine bleeding compared to a recuperated cycle is
additional process components, and a recuperator has been shown to result in a better thermodynamic
performance for a low temperature heat source [20]. Turbine bleeding may be an efficient solution for
combined heat and power cycles.

3€9£2€1

Figure 16 Principle sketch of a regenerative RC with turbine bleeding

out

Regenerative RC with vapor injector

A vapor injector can be placed after the condenser and receive a fraction of working fluid from the
expander to preheat/regenerate the working fluid. The benefit is similar to a recuperated or a regenerative
RC. An RC with vapor injector has been shown to achieve slightly better thermal performance than an RC
under certain operating conditions [21].

Evaporalor

Heat

Figure 17 Principle sketch a regenerative RC with vapor injector [21]
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Supercritical cycle

In a fully supercritical cycle, also known as a Brayton cycle (very commonly used in combustion driven
processes, e.g. gas turbines), both heat input and heat rejection takes place above critical pressure, as
illustrated in Figure 18 . As with a transcritical cycle, the evaporator in a basic RC is replaced with a heater
(2-3). In addition, the condenser is replaced with a cooler (4-1), and the pump is replaced with a
compressor (1-2). Like a transcritical cycle, temperature match is improved during heat input, which
reduces heat exchanger exergy loss. Challenges are related to relatively large compressing power and high
operating pressures, as well as unstable amounts of liquid and vapor in the supercritical phase. The latter
might necessitate a two-phase expander [4].

Barber Nichols developed and tested a full-scale CO; Brayton cycle for high temperature heat sources of up
700°C, and found that performance improved by 7-12 % compared to a traditional steam cycle [22].

Peritic

Teritic

v

S

Figure 18 Principle temperature-entropy diagram of a supercritical cycle [13]

2.3 Absorption cycles

A principle sketch of an absorption cycle is given in Figure 19. In absorption cycles, one fluid is cyclically
absorbed and desorbed into another fluid. The condenser is replaced by an absorber, where heat is
released to the heat sink during absorption (10-11). Similarly, the evaporator is replaced by a desorber,
where heat input separates the two working fluid components (2-4). After the fluids have been separated,
one component enters the evaporator (5-6), and the other is cooled in a recuperator (7-8), and throttled
down to the low-side pressure (8-9), where it is mixed with the other component (9-10). The use of two
fluids, or a working fluid mixture, allows for improved temperature match in the heat exchangers.
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Figure 19 Principle sketch of an absorption cycle [23]

2.3.1 Kalina cycle

The Kalina cycle, sketched in Figure 20, is an absorption type cycle that uses a mixture of water and
ammonia as working fluid. The condenser is replaced by an absorber where ammonia is absorbed into
water, and the components are separated in a flash tank. For an explanation of how the process operates,
see lbrahim and Klein [24].

The Kalina cycle has a higher theoretical efficiency than the RC, but under certain operating condition, the
Kalina cycle has been shown to perform poorer than the RC [19]. The cycle also requires several additional
components and a relatively complex process compared to a basic RC, which results in a more costly
system. There are also challenges related to ammonia as a working fluid due to its toxicity [4]. Several
Kalina cycles have been installed in industry, but licencing conditions seem to have slowed down further
implementation and independent research of the cycle.
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Figure 20 Principle sketch of the Kalina cycle [24]

2.3.2 Salt-water absorption cycle

Salt-water absorption cycles are in principle similar to Kalina cycles, but aqueous salt solutions are used
instead of ammonia. Novotny and Kolovratnik [23] studied the performance salt-water absorption cycles
and compared it to basic RCs with different working fluids for heat sources between 60°C and 160°C.
Aqueous salt solutions of LiCl, LiBr and CaCl, were considered, and were found to outperform basic RCs for
heat source temperatures of 120°C and lower. For heat sources below 80°C, the absorption cycles obtained
as much as 150 % higher efficiency than the RCs. The authors indicate challenges with low operating
pressures (vacuum) and corrosiveness of aqueous salts.

2.3.3 Carbon carrier cycle

Climeon has developed and patented a CO,-amine absorption cycle named Carbon carrier cycle (CCC). In
the cycle, CO; is absorbed into an amine downstream of the turbine, which effectively lowers the turbine
exit pressure and temperature. Climeon claims that the cycle can produce up to three times more
electricity than currently available technologies for low-to-medium temperature heat-to-power conversion
[25].
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2.4 Stirling engine

The Stirling engine was patented by Robert Stirling in 1816, and is a relatively mature technology for heat-
to-power conversion [4]. A possible arrangement of the engine is sketched in Figure 21, where gas is
contained in two cylinders connected by an internal heat exchanger. The gas inside one of the cylinders
expands as heat is received from the heat source, and the gas inside the other cylinder is compressed as
heat is rejected to a heat sink. Exchange of heat between the hot and cold gas is realized through the
internal heat exchanger. This arrangement allows cyclical expansion and compression of the gas, which
rotates a flywheel and generates mechanical work.

The Stirling engine has relatively high energy efficiency in low-capacity power plants, and the engine is
silent and vibration free [26]. However, the engine has a low power to weight ratio and is unsuited for
plants on the order of 1 MW power output and higher, where the RC has superior efficiency [4, 27].
Moreover, the engine is not suited for sensible cooling, and several engines have to be places in series to
utilize sensible heat [4].

Figure 21 Principle sketch of a possible arrangement of the Stirling engine [28]

2.5 Thermoelectric generator

The thermoelectric generator (TEG) is a technology that directly converts heat into electricity, as opposed
to Rankine cycles that first convert heat into mechanical energy. There are several such technologies,
including thermoelectric, piezoelectric, thermionic and thermo-photovoltaic generation. Recently, the TEG
has gained attention as a viable technology for low-to-medium temperature heat-to-power conversion.

The TEG is built up of thermoelectric modules, as sketched in Figure 22. A module consists of two
semiconductors that conduct electricity when exposed to a temperature difference across their ends,
which is created by a heat sink and a heat source. Negative charges move downwards in an n-type
semiconductor (blue) and positive charges move downwards in a p-type semiconductor (yellow). When the
two conductors are connected, an electric current is created and power is produced. Heat exchangers are
installed on the hot and cold side to provide efficient heat exchange to and from the conductors.

The first TEG was used in a satellite as early as 1961, and TEGs are commonly installed in space probes due
to their "extreme reliability" [29]. The main advantages of the TEG for waste heat recovery compared to
RCs is lower weight and the absence of moving parts. The technology is also quiet, reliable and
environmental friendly. However, wide application of the technology is slowed down by high material costs
and low energy conversion efficiency, which is typically less than 10 % [2, 29]. Concepts demonstrating
utilization of large capacity, finite industrial surplus heat has so far not shown promising results [4]. The
TEG can be a viable option for waste heat recovery where conventional systems are difficult to implement
or if less costly materials are developed [29]. In HighEFF, a dedicated report on TEG is planned to be
published in December 2017; D3.1_2017.03 Evaluation of TEG on industrial scale implementation.
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Figure 22 Principle sketch of the a thermoelectric module [30]

2.6 Membrane technology

TNO have developed and patented a membrane technology called MemPower®, which both desalinates
saltwater and produces power from low-to-medium temperature heat. Power production is realized by
expanding high pressure steam that is produced during desalination through a turbine. The technology is
primarily intended for use in regions with a shortage of clean drinking water, and is particularly useful in
areas with high availability of sun and lacking electricity infrastructure [31].

2.7 PCM technology

As heat is transferred to a phase change material (PCM), the material changes phase from liquid to solid,
causing volume expansion that can be used to generate mechanical work. After the PCM has expanded, it is
cooled by a heat sink, which causes its volume to decrease to the original value and allows for a cyclical
power process. NASA and Exencotech have patented different types of PCM power technologies that are
currently in the research and development phase. Exencotech have demonstrated an energy efficiency of
7.5 % for a heat source temperature of 95°C, as well as an electric output of 1 kW for a single "energy cell".
The company is reportedly planning to develop systems that produce up to 1 MW electric output [4].
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3 Evaluation and summary

The different technologies for heat-to-power conversion are described and evaluated in Table 1. Evaluation
is performed in a HighEFF context, as explained in Section 1.2.1. The evaluation is based on initial research
into the field and is purely qualitative, and will serve as input to quantitative evaluations in future work.

The technologies are evaluated in the three categories "maturity", "complexity" and "performance", and
ranked with the color codes given in Table 2. Green, or "high" ranking is the best score that a technology
can achieve in a specific category. The meaning assigned to each category is explained below.

Table 2 Description of color codes for ranking of technologies in the categories maturity, complexity and
performance.

LOW MEDIUM HIGH

Maturity

This category refers to the level of maturity of the technology within low-to-medium temperature waste
heat recovery. Technologies in early stages of development are ranked as low, and commercialized
technologies are ranked as high. Technologies with some installed plants or pilots with significant duration
of operation are ranked as medium. High maturity can be correlated with high availability and low-cost
components, but mature technologies are also likely to have lower potential for further improvements to
costs and performance.

Simplicity

This category refers to the degree of complexity of the technology. Technologies with many and/or
complex components and complex process layouts will score low in this category. High complexity is
correlated with high costs and low robustness, and complex technologies will require longer time to reach
maturity.

Performance

Performance refers to the maximum power output that a technology can produce from a given heat
source, and is related to the exergy efficiency of the process. It is desirable to have the highest possible
performance per unit cost or system size. Performance is evaluated for HighEFF heat sources in the
temperature range 150-200°C. Other characteristics of HighEFF heat sources include high duty and sensible
heat.
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Table 1 Evaluation of technologies for heat-to-power conversion from heat sources in temp. range 150-200°C

Group | Technology | Maturity Simplicity |Performance Technology description and evaluation basis
Conventional technology for high temperature heat-to-power
Steam - - . -
Rankine conversion. Power is produced by expanding presserlzed water through
. ovele an expander. Not mature and has low performance in relevant
Cilasl‘flc Y temperature range.
ech-
nologies - Cyclical expansioq a}nd compression of gas drives rotation of a
Stirling flywheel. High efficiency for small scale plants, but has scale up
engine challenges and is poorly suited for sensible cooling. Not mature and has
low efficiency in large scale waste heat recovery.
4 Operating principles similar to the steam cycle, but working fluids are
R(_: Basic RC adapted for low-to-medium temperature heat recovery. Thermodynamic
family potential limited by low heat source temperatures. Simple system and
mature for low-to-medium temperature heat sources.
RC with Pure working fluid in RC replaced with zeotropic working fluid
Simple mixture as mixture. Temperature match in evaporator and condenser improved.
cycles . : Does not add system complexity, but affects heat transfer. Maturity low
working fluid . -
due to absence of experiments and demonstration plants.
RC with evaporation pressure above critical pressure, which improves
Transcritical temperature match with heat source. Simple system, only difference
RC from basic RC is that evaporator is replaced with heater. Medium
performance, as demonstrations plants have shown promising results.
A - Fluid expands from liquid into two-phase region, which requires two-
Trilateral - .
flash cycle phase expander and improves temperature match in heater. _Two-pha}se
TFC ' expanders have low maturity and increase process complexity. Medium
performance due to low expander efficiency and high pumping power.
Flash Partiall Similar to TFC, but allows partial evaporation of working fluid.
cycles Yy Reduces pumping power and size of heater compared to equivalent
evaporating - - .
TFC, but also gives poorer temperature match in heater. Maturity,
cycle, PEC L B
v simplicity and performance similar to TFC.
Similar to TFC, but separation of liquid and vapor prior to expansion
Flash cycle, eliminates two-phase expansion. Introduces additional throttling losses,
FC and reduces mass flow through expander. More complex system than
v the TFC, but higher maturity as two-phase expander is not required.
Dual Evaporation of working fluid at two pressure levels. Heat recovery from
ressure heat source improves, resulting in improved performance compared to
P basic RC. Mature in geothermal sector, not implemented in industrial
cycle 9 not imple
waste heat recovery. Complex system with multiple components.
Kalina cycle, CCC and salt-water absorption cycle. Evaporator of RC
Absorption replaced with desorber, and/or condenser replaced with absorber.
cycles Thermodynamic performance improves, relatively complex system.
Kalina cycle is commercialized, but the other cycles have low maturity.
Produces electricity directly from heat with semiconductors that conduct
TEG electricity when exposed to temperature difference. Concepts utilizing
larger, finite heat sources not demonstrated, but possible option where
conventional cycles are difficult to implement. Relatively low efficiency
Other Developed for desalination of water, but also produces high pressure
tech- Membrane steam that is expanded through a turbine to produce power. Could be
noloaies technology suitable for regions with lacking drinking water and electricity infra-
9 structure. Not developed for industrial scale heat. Relatively complex.
Cyclical expansion and contraction of phase change material realises
PCM production of mechanical work. Currently in early stages of
technology development, but plans exist to develop a 1 MW system. A relatively

low efficiency of 7.5 % has been demonstrated.

D3.1_2017.01 Heat-to-power technologies

Page 23 of 28




@® HighEFF

A range of technologies are available for heat-to-power conversion, where the most conventional
technology is the Steam Rankine cycle. However, the steam cycle is adapted for heat sources above 450°C,
and is not suited for low-to-medium temperature heat recovery. The basic RC is a mature technology in this
temperature range, but its performance is limited due to low heat source temperatures. Several modified
RC architectures have been developed to improve the performance of basic RCs.

Of the simpler RC technologies is the recuperated and the transcritical cycles. These systems have potential
to increase performance with either a single extra component (recuperated cycle) or by replacing the
evaporator with a heater (transcritical cycle). The cycles are relatively mature, and a pilot plant has already
demonstrated successful operation of a transcritical RC. Other simple systems include the TFC and PEC, but
these have challenges related to lack of research and availability of two-phase expanders. Of the two,
previous studies indicate that the PEC has greater potential. FCs can eliminate the two-phase operation of
TFCs, but modest analytical results for TFCs and the relative complexity of FCs indicate a low techno-
economic performance of the FC. The dual pressure cycle is another complex technology, for which
research has shown promising results. Other RC architectures have been briefly discussed, but are less
relevant in a HighEFF context.

An interesting RC modification is the use of working fluid mixtures, which does not significantly alter the
process, but improves temperature match in the heat exchangers. Mixtures have potential to increase
performance with relatively low system costs, and can contribute to improved net annual performance
with dynamic composition control. Possible innovative technologies include the use of mixtures in
transcritical cycles or PECs, which can further improve performance of such cycles compared to basic RCs.

Absorption cycles are relatively complex, and research has demonstrated both poorer and improved
performance compared to basic RCs. Both the Kalina and the Carbon Carrier cycles have licencing strategies
that seem to slow down commercialization, and the salt-water absorption cycle may be a more promising
technology for broader industrial implementation. Several other technologies for heat-to-power conversion
exist, including the Stirling engine, TEG, membrane- and PCM technologies. These have advantages that
favour certain applications, but are less relevant for large-scale industrial surplus heat.

Some researchers have performed comparative studies of different heat-to-power technologies, such as
Becquina and Freund [32], who compared transcritical cycles, Kalina cycles and dual pressure cycles to the
basic RC. The study found that the highest performing technology depends on the heat source
temperature. Below ~120°C, the Kalina cycle had the highest work output and above, transcritical cycles
performed highest. The transcritical cycle was closely followed by dual pressure cycles in the higher
temperature range. The cycles outperformed the basic RC for most heat source temperatures, but the
improvement reduced with heat source temperature, where the baseline performance of basic RCs is
higher. The study compared technologies with similar heat exchanger pinch points, and thus different UA-
values, or heat exchanger sizes. The authors tested two sets of pinch points, and concluded that differences
in heat exchanger sizes is at least as important for performance as the choice of technology. Thus,
comparing technologies with the same heat exchanger sizes is important in "fair" comparison. Choice of
working fluid and optimization model also impact the optimum performance of different cycles, and are
also important considerations.
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4 Conclusions and future work

A number of heat-to-power technologies are available for heat-to-power conversion. The current
evaluation of technologies will serve as basis for proposed activities in 2018, which includes a quantitative
evaluation of promising technologies for prioritized HighEFF cases. Several conclusions and inputs for
further evaluation are listed in the following.

e Rankine cycle based technologies and absorption cycles appear most suited in a low-to-medium
temperature HighEFF context.

An evaluation of different technologies indicates that transcritical cycles, dual pressure cycles,
absorption cycles and use of zeotropic mixtures as working fluid gives slightly higher
thermodynamic performance than other technologies. Recuperated cycles are relevant for heat
sources with lower limits on outlet temperature.

e Relevant technologies have different complexity and costs. Of the high performing cycles,
transcritical cycles and use of zeotropic working fluid mixtures is relatively simple, while dual
pressure cycles and absorption cycles are relatively complex and capital intensive.

e Heat exchanger size is at least as important for performance as choice of technology. Fair
comparison between different technologies in terms of equal system size should be implemented
to evaluate technologies on the same basis. This will be a step in the direction of evaluating
technologies with similar heat exchanger costs.

e Heat source temperature and characteristics impact the choice of technology. For instance,
relatively low heat source temperatures give poor baseline performance of basic RCs, and
alternative architectures will provide more benefit.

o As performance depends on heat exchanger sizes and heat source temperature, technologies
should be evaluated over a relevant range of UA-values (heat exchanger size) and heat source
temperatures.
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Appendix A Framework for evaluating heat-to-power technologies

The purpose of this section is to describe some general considerations and rules that shall apply in all
technology evaluations and case studies involving surplus heat-to-power technologies. The intention of
defining such a common framework is to enable better comparisons of technologies, from evaluations
performed by different parties and over the centre duration. This is very much in line with the overall vision
of HighEFF.

The framework parameters and KPI's defined below should always be included in HighEFF-evaluations, but
the work does naturally not have to be limited to these constraints.

1. Evaluations are performed for a real or hypothetical industrial scale implementations with high
potential impact. This implies a main focus on:

a. Considering significant heat sources from the investigated industry or industrial process
b. Concepts with significant utilization of the available energy in the heat source
2. The concept of exergy shall be the basis of a main KPI

a. Exergy efficiency (fraction of net power produced to the available exergy in the heat
source)

b. For limited, sensible, and constrained heat sources, the available exergy is:

TAmbient 1 (TConstraint )

ExerQYSensible,Constr =1-

(THeatsou‘rce - TConstraint) THeatsou‘rce

Where Tyearsource 1S the initial temperature of the heat source, and T¢ypstrqint IS the minimum
allowable temperature for the heat source (e.g. to maintain downstream process)

3. Energy and mass balances shall be fulfilled

4. Sensible engineering practice should be applied to all aspects that are not sufficiently modelled in
both performance and cost. (Example: defining a reasonable temperature difference or pinch in a
heat exchanger)

5. Fan/pump work (or penalties to), when applicable:
a. Pressure drop in Heat Exchangers

b. Cooling water pump (and similar) work: setting 1 bar nominal friction pressure loss if not
modelled in detail. Use pump isentropic efficiency of 70% if not known.

I/Vpump = Npump * APyater * Vwater
Wyump = 0.7 * 1E6 Pa * Viygzer

b. Fan work (or penalties to):

I/Vfan - 77fan * APfan * Vactual
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