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Abstract

This paper presents a case study where steam at 1 MPa and 183°C (~140 psi/360°F) is produced using very
high temperature heat pumps (VHTHPSs) at a pharmaceutical research facility. Steam as an energy carrier has
many benefits, and steam systems are also flexible when it comes to the primary source; steam can be
generated using heat from combustion of fossil- or renewable fuels, nuclear reactors or directly from
electricity. Generating steam using a heat pump can reduce greenhouse gas emissions. At full-scale operation
the potential reduction in COz-emissions is more than 80%. The heat source for the heat pumps is mainly
waste heat from cooling compressors at around 40°C (~100°F). The refrigerant is a natural refrigerant R-704
(Helium). Helium has both global warming potential (GWP) and ozone depletion potential (ODP) equal to
zero and the toxicity and flammability classification of Helium is "A1". The working medium stays a gas
throughout the cycle, which makes the heat pump process very suitable for use as VHTHPs while the heat
pumps are highly adaptive to any changes in the sink or source temperatures.
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1. Introduction

Health is central to a functioning society and connects us all. The pharma industry is a global industry
given the possibility to provide health solutions valid to patients all around the globe. Being global in the
health sector, one has to address the global issues affecting people's health. AstraZeneca recognises the
strong connection between a healthy planet and healthy people and works with environmental protection.
AstraZeneca's approach doing this is to follow the science, using science-based targets. The greenhouse gas
emission targets are in line with limiting global warming to 1.5 degrees. A big part of lowering CO;
emissions is to move from the use of fossil fuel to renewable energy. In the pharma industry steam is
commonly used to provide the utility needed. Due to the temperature needed, steam is usually produced with
fossil fuel, on site, and accounts for a large part of the energy usage at a pharma plant.

AstraZeneca Gothenburg have historically used fossil fuel for steam production with a switch from oil to
natural gas in 1997. In 2018 a new switch took palace, this time from fossil natural gas to biogas, to produce
steam with a low carbon fuel. A technical part of the upgrade was to pursuing steam production using high
lift heat pumps - a more efficient, more robust, less expensive and if possible, even more sustainable
solution.

To do this, the site has installed 3 high lift heat pumps. Each with a capacity of 500 kW4, at 10 bars steam
system pressure and rejected heat from the chillers for the air condition as a heat source. Another one is
schedule for 2020 with a capacity of 750 kWi.
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2. State-of-the-art of high and very high temperature heat pumps

There is no common acceptable definition of high temperature heat pumps (HTHP) or very high
temperature heat pumps (VHTP). In their paper Arpagaus et al. [1] present some of the previous definitions
and uses the definition as shown in the figure below.
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Figure 1. Classification of heat pumps according to the sink and source temperatures. The figure is adapted from Arpagaus et.al.
[1]. The temperature range is extended to accommodate the possible temperatures for the HighLift heat pump. The solid line ellipses
represent the temperatures for current HighLift installations, where the dotted ellipses represent earlier prototypes that are no longer in
operation.

Arpagaus et al. identified more than thirteen manufacturers worldwide working on high temperature heat
pumps in 2018. The technology, i.e. heat pump cycle and refrigerants, used in the heat pumps is diverse,
though most use a single-stage vapour compressor cycle.

There is a lot of research and development in the field of high temperature heat pumps. For example, in the
12th IEA Heat Pump Conference (2017, Rotterdam), more than 40% of the presentations in the “industry”
sessions discussed aspects of high temperature heat pumps. This indicates that there are likely more
manufacturers with more mature high temperature heat pumps in the market today.

3. Environmental impact of heat pumps: energy use sustainability and environmental impact

In today’s world, the increased availability of electricity from renewable sources may on one hand be
intermittent but on the other hand is more predictable than the pricing levels for natural gas. In principle, HPs
use a cheap renewable source for both input heat and electricity. System purchases are nonetheless often
motivated by an attractive coefficient of performance (COP). Industry is increasingly implementing HP
technology that circumvents the production of CO, when producing heat, although reaching sufficiently high
temperatures may be challenging. A Stirling engine-based heat pump is one approach towards higher output
temperatures. A challenge related to the goals of increasing output as well as efficiency, viz. the HighL.ift
concept and its development, is that it conflicts with the thermodynamics that describes heat engines if the
goals are simplified to having
e ahigher temperature at the hot (water) side of the engine and a larger flow of heat carrier (helium) which
can be achieved by raising the pressure of operation, and

o ahigher coefficient of performance (COPy), defined as heat output Qoy Obtained per input of work (here
electricity) W, with energy balance Qout = W + Qin, and COPh = Qou/W.

For an ideal, reversible heat engine the highest theoretical (Carnot) efficiency is defined as

Qout,reversible Qout,reversible TH 1
COPCarnot - (1)

— — T
w Qout,reversible_ Qin,reversible Tp—TL 1- L

TH

with the higher and lower temperatures of operation Ty and T, in K. This shows that raising the output heat
temperature Ty with given T will inevitably result in a lower efficiency, or COPy. For an engine that heats
water from T ~ 300 K to Tw ~ 450 K the theoretical maximum COP equals COPcamot = 3. Current operation
of the HighLift Stirling HP (500 kW per engine, heating water from 30°C to 180°C) gives a COPy of 1.4 —



Tveit, Johansson & Zevenhoven / 13th IEA Heat Pump Conference 2020 000-000

1.5: the goal is to raise that to COPy 1.8 — 1.9 while heating water from 30°C to 200°C at an output of
750 kW. A more general approach of efficiency improvement of real systems involves suppressing
irreversibilities that arise from

o friction between moving parts

heat transfer across large temperature differences

viscous flow friction in fluid flow lines and flow inlet/outlet section

compression and expansion losses

material losses as a result of leakage

Reducing friction between moving parts can achieved by proper design of rigid and flexible parts, and
lubricant oils. Heat transfer is impossible without a temperature difference and a trade-off must be made
(based on costs) between a large area for heat exchange operating with small temperature difference or vice
versa: the first option gives higher losses. Viscous flow losses can be directly related to pressure drop and
obviously a leakage of material at elevated pressure and temperature implies an obvious loss of energy. The
first three listed will result in a production of entropy at a rate Sgen Which can be used to quantify losses as
Wiosses = T° Sgen (J/s). Here, T is the temperature of the surroundings, in K (here assumed = 288 K).

These losses imply that a larger work (electricity) input is needed for a given output heat target Qo for a
real system:

. . . TO
COP, = - Qout _ Qin + Wreversible + Winternal 105535(1_?> < Qout,reversible (2)

Weeversible + Wiosses Wreversible + Wiosses Wreversible

with the (beneficial) complication that viscous friction results in heat that is taken up by a flow that is to be
heated, which is not at all a full loss for a Stirling engine heat pump. Therefore, in (2) the internal losses that
imply waste heat generation inside the Stirling engine are distinguished from external losses that cross the
Stirling engine system boundary. For heat Q at temperature T produced from work W, the losses equate to
W-(T°/T). Itis clear that a larger electricity input is needed in order to cover for losses. See also Bejan (1997)
[2] or Szargut et al. (1989) [3].

With an electrical-to-mechanical energy conversion efficiency Neiec = 95% and heat losses Q,sses t0 the
surroundings found to be of the order of 20-30 kW, i.e. 5% of 500 kW for current operation, equation (2) can
be reworked to

COPh — M — Qin — Qlosses + Wi = Wiggses + Wiogses giving heat < Qout,reversible (3)

Win PelecMelec Wreversible

correcting for input energy not contributing to raising the temperature of the water. Currently Pejec ~ 315 kW.

Furthermore, heat transfer in the heat exchangers result in entropy production Sgen =Q W (with
hot™ ! cold

temperatures in K) giving 10sses Wigsses = T°: Sgen, While pressure drop losses Ap (Pa) for (Helium) volume
flow V (m%s) give additional (viscous friction) losses Wiosses = Ap-V. Following the above, a fraction
(1 - T°/T) of the viscous friction losses will add to the useful heat output of the system.

Thus, (3) can be rewritten to give:

. . . . . TO .
Qin ~ Quosses + Win = Wiosses + 2 Ap-V-(l—?> Qout,reversible (4)

COPh=

PelecMelec Wreversible

The assessment for the heat exchange applies to the regenerator as well: apart from viscous friction losses the
heat transfer involves losses that can be estimated for the cycling heat transfer to/from the helium medium
from/to the regenerator material matrix. For the heat transfer, with heat transfer Q to/from the helium with a
temperature difference ATpe across the regenerator (here estimated ~ the average value for average He
temperature in the two respective heat exchangers — see also [4]) the entropy production can be estimated
using the expression given above with an estimated cycle-average temperature difference Thot- Tcod ~ 15 K.

Using Ansys Fluent (v. 19.2) simulations for operation with pressure average 50 bar, amplitude 13 bar,
frequency 10 s it was found that 500 kW heat output operation will give Wiosses = 30 - 35 kW for the two
heat exchangers (being a bit higher for the low temperature heat exchanger than for the high temperature
one). On top of this ~15 kW viscous flow losses occur inside the heat exchanger tubes. Pressure drop losses
are much larger for the regenerator and inlet/outlet manifolds for that, giving ~ 40 kW viscous friction losses,
while losses due to entropy generation in the regenerator add up to ~ 25 kW, with (cycle averaged) Thot - Tcold
~ 15K. (Pressure drop losses are not considered for the side of the water that is heated as the pumping of this

3
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is outside the Stirling engine system boundary.) Examples of calculated results are given in Figure 2,
showing velocity intensity and temperature profiles.
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Figure 2. CFD simulated results for (cycle averaged) velocity (left) and temperature (right) for 500 kW heat output operation

A further source of losses are those related to real compression and expansion vs. ideal processes: for He
the cycling expansion/compression from 37 to 63 bar gives losses of ~ 100 kW (the expansion stage giving
somewhat larger values than the compression) — see [3, p119]. Fortunately these largely (~ 60%) imply
generation of heat that stays inside the system (similar to the viscous friction losses), reducing the system
losses to ~ 40 kW for this.

Combining all this gives with current operation with 300 kW effective power input that 45-50 kW of this is
lost via entropy losses in the heat exchangers, while 55- 65 kW is lost in the regenerator plus ~ 40 kW
compression/expansion losses. These add up to ~ 45% of the effective electricity input which, using the
expressions for COPy, with heat input Q;,, being of the order of 300 kW explains the value COP, = 1.4 — 1.5.
For the heat exchangers, a different design that gives small temperature gradients would be beneficial while
for the regenerator the reduction of viscous flow losses is most beneficial. Indeed, such improvements are
currently being implemented to the HighLift Stirling engines.

An issue that primarily relates to costs of operation are losses of helium. These are modest yet non-zero but
won'’t give contribution to the enhanced greenhouse effect or ozone layer depleting as values for global
warming potential (GWP) and ozone depletion potential are = 0.

4. The HighLift heat pump

The HighLift heat pump process is based on the Stirling cycle. For a more detailed description of the
mechanical implementation see the previous work by the authors [5a]. Descriptions of other applications
can be found in the papers in previous proceedings [6a, 7a]. Modern Stirling engine development starts
with the work done by Philips Electronics BV in the Netherlands in the 1940s. See for instance the book by
Finkelstein and Organ [8] for a historical review of the modern Stirling engine. The ideal Stirling cycle is a
thermodynamic process that consists of four reversible process in series. A description of the ideal Stirling
cycle is available in most introductions to technical thermodynamics, for instance in the book by Moran and
Shapiro [9]. Compared to compression and absorption heat pumps, the working medium in a Stirling process
is a gas throughout the process. This implies that the process is independent of the evaporation and
condensation temperatures of the working medium. A common question from persons not familiar with the
Stirling process is related to the choice of working medium. Even though the full story is more complicated,
the efficiency of the choice of working medium can easily be seen from the equation below describing the
reversible work of an ideal Stirling cycle by an ideal gas.

W=—m-R-(Th—TC)-ln(Z—:) )

where m is the mass of the working medium, R is the specific gas constant of the working medium, V is the
volume, and T is the temperature. Subscripts “1” and “2” refer to initial and final states. As can be seen from
the equation, the higher the value of the specific gas constant, the higher the work output from the cycle.
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Noting that the specific gas constant for hydrogen, helium and air are approximately 4000, 2100 and
300 J/kgK respectively, it is easily understood why hydrogen and helium are prefered working media to air
or nitrogen. The same argument is also valid for the reverse (heat pump) Stirling cycle.

The configuration of the heat pump is a double-acting alpha Stirling engine of the “Franchot” type.
“Double-acting” means that the working medium is acting on both sides of the pistons. The Franchot type
means in contrast to a “Rinia” or “Siemens” type configuration, one of the cylinders is always containing
cold gas and one of the cylinders is hot gas.

5. The heat pump installation at AstraZeneca

The current HighL.ift heat pump installation at the R&D facility at AstraZeneca in Gothenburg, Sweden,
consists of three heat pumps. These heat pumps are designed to deliver 500 kW of steam at full load, and the
main motor is a 315 kW nominal power eight poles asynchronous motor. Below, two of the heat pumps in
the heat pump room are shown.

Figure 3. Two of the three heat pumps currently installed at AstraZeneca’s R&D facility in Gothenburg, Sweden. Heat is transferred to
the heat pump from the heat recovery circuit and steam is delivered from the heat pumps’ steam generators to the steam distribution
system. The third heat pump is installed on the opposite side of the room.

Main components of the installations in addition to the heat pumps are the cold circuits, the hot circuits
and the steam generators. The cold circuits are closed water circuits that transfer heat from the heat recovery
system at the site to the heat pumps. The hot circuits are closed, pressurised water circuits that transfer heat
from the heat pump to the steam generators. The steam generators are shell and plate heat exchangers that get
feed water from the site’s feed water tanks and generate steam by cooling the hot circuit from the heat pump.
Steam thus generated is supplied directly to the steam distribution system at the site. The figure below (Fig
4) shows a simplified P&ID of the installation.
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Figure 4. Simplified P&ID for the installation of the three heat pumps at the R&D facility. The cold heat source is a heat recovery
circuit that is transferred indirectly to the heat pumps. The heat pump uses this heat to heat a hot circuit that circulates over a steam
generator. The steam generator uses this heat to generate steam that is fed to the steam distribution circuit of the plant.

At the time of writing this, the heat pumps have been running for between 5000 and 6800 hours: pump #1
has a running time of 6800 hours, heat pump #2 5000 hours and heat pump #3 6500 hours respectively. The
load has been varying, but the temperatures have remained quite constant. In order to present the
performance of the heat pump, four cases have been selected from a two months period for heat pump #1.
These are selected to have different load. Data for the cases is for a 30 hours period with 1-hour average
values. The original data was sampled in 1s intervals except for the temperatures which were sampled in 10s
intervals. In the following graphs the values are either based on average for all 30 hours or presented in form
of intervals (box and whisker plots). The following figures (Fig. 5) show the average load for each period
and the delivered heat as a function of the load for one heat pump.
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Figure 5. The load for the 4 cases for heat pump #1, where "1" equals full load. The loads and heat duty are average values for each
of the cases.
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The average temperatures of the external circuits are 183°C (363°F) and 27°C (75°F) on the hot and cold
side respectively. The hot and cold side temperatures are presented in the two figures (Fig. 6 and Fig. 7)
below.

Steam Gen. IN Steam Gen. OUT
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Figure 6. The temperatures of the hot circuit used to transfer heat from the heat pump to the steam generator. The hot water from the
heat pump (steam gen. IN) enters the steam generator and heats the feedwater. The colder water is then returned to the heat pump.
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Figure 7. The heat is transferred from the heat recovery circuit to the heat pump via a closed circuit. The water enters the heat pump
and is cooled down before returning to the heat exchanger between the closed circuit and the heat recovery circuit.
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Figure 8. Steam generation and power consumption for the four cases. The steam generation is calculated from the flow of feed water,
the feed water temperature and steam pressure.  The power consumption is for the main motor and is sampled from the variable
frequency drive.
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As the conditions on the site are stable, the power consumption and the heat output are linear functions of the
load. This can be seen in the figure above (Fig. 8), where the variations in the heat output (steam generation)
and power consumptions for the four cases are presented.

The power consumption is only the consumption from the main motor that drives the heat pump measured
from the variable frequency drive. In addition, two oil pumps add 1-2 kW of additional power that will not
have major impact on the results. The system also has small circulation pumps running at partial load
(0.75-2.2 kW full load) for the water circuits, which are not included in the analysis as they are not directly
connected to the performance of the heat pump. Based on the power consumption and the steam generation,
it is possible to estimate the coefficient of performance of the heat pumps as well as the system efficiency.
This is presented in the figure (Fig. 9) below.
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Figure 9. The coefficient of performance is defined as heat used to generated steam divided by the main motor consumption
(i.e.COPy, = Qn/W). The system efficiency is defined as the measured COP}, divided by the Carnot COP (i.e. #sstem = COPH/COP carno).-
The box and whisker plots in grey are estimated values for a fully thermally insulated heat pump.

During the operation of the heat pump, the heat loss has been higher than standard operation as large parts of
the heat pump were not properly insulated. The heat loss has been estimated to approximately 30 kw, and
the performance of a fully insulated heat pump is estimated and is shown in grey in the figures (Fig. 9)
above.

6. Conclusions

A proven concept is described for a Stirling engine operated as an industrial-scale heat pump, delivering
steam at 180°C. A brief assessment of losses and benefits is given, followed by technical performance data
on the current installation at AstraZeneca’s R&D centre in Sweden. Current activities involve improving
system efficiency and reliability while increasing heat output from 500 to 750 kW, at the same time raising
the TRL of the heat pump from level 7 to level 9.
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