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[l Abstract

Thermal energy accounts for 55% of the energy required in industry and is responsible
for 10% of global CO2 emissions. Around the world, industry is undergoing major changes
to limit its emissions and avert a climate catastrophe. The EU's requirement for climate
neutrality by 2050 poses major challenges for industry, but at the same time creates
significant new economic sectors. Around 32% of the thermal energy required in industry
is <200 °C. At the same time, there are often waste heat streams in a similar temperature
level emitted by the same industry. Heat pumps are a technology to use such waste heat
flows in a thermodynamic cycle as source to heat a sink very efficiently. While
conventional heat pumps have already made a name for themselves in domestic and low
temperature applications, industrial heat pumps are being used in industries and higher
temperature applications.

This work has been concerned with analyzing areas of application for industrial heat
pumps in the European market and assessing their potential and economic viability. The
focus was not on a detailed technical description, but much more on achievable
coefficients of performance and the availability of heat sources. The coefficient of
performance calculated in this paper are based on the high temperature rotation heat
pump of the Austrian manufacturer ecop Technology GmbH.

Previous studies have mostly limited the potential of industrial heat pumps to most
suitable industries for heat pumps (food and beverages, chemical, paper, refinery), as
they have a simultaneous thermal energy source and sink. This work also investigates
the combination of heat pumps with renewable heat sources and storages, if no
simultaneous source and sink is available. Exemplary heat pump combinations with
geothermal and solar thermal energy were developed. Furthermore, future developments
in the energy market are included. For example, the largest identified potential is the stack
cooling of hydrogen electrolysers. Hydrogen production is currently of little importance,
but will grow by a factor of 300 - 1000 till 2030. Another focus was the production of steam
with heat pumps. Large parts of the thermal energy demand of industrial processes are
based on steam as an energy carrier. In all areas, promising concepts with great potential
were identified. The identified marketpotential of industrial heat pumps in Europe resulted
in 51,1 - 73,9 GW thermal capacity.

For the economic analysis, a comprehensive analysis of the most sensitive parameters
(natural gas prices, electricity prices, CO2 certificate prices) was carried out. The
coefficient of performance was simulated based on the rotation heat pump of the
company ecop Technology GmbH for concept typical temperatures. From an economic
point of view, all investigated concepts can hold their own against fossil reference
scenarios. However, it should be emphasized at this point that dynamic payback periods
are mostly above industry standard payback periods of 1 - 3 years.
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1 Introduction

Around half of the global final energy consumption used in the residential and industrial
sector attributes to thermal energy. Today, three quarters of the industrial thermal
energy demand is produced by burning fossil fuels being responsible for 40 % of the
global energy related Carbon dioxide equivalent (CO2-ev) emissions. 10 % of the global
CO2 is emitted to provide thermal energy for the industry. Therefore, arises the
necessity to substitute fossil thermal energy supply by more sustainable solutions [1],

[2], [3], [4].

Depending on the temperature level different sustainable heating technologies can be
used. Itis distinguished between direct and indirect conversion. An example for indirect
conversion is the generation of green hydrogen by electrolysis. Hydrogen offers the
possibility to generate high temperatures, while being storable and transportable, but
it comes with several conversion losses. Direct conversion use electricity directly to
generate thermal energy such as electric boilers, metallic resistance, plasma torches,
electromagnetic heating (induction, infrared, microwave, radio wave) or heat pumps.
Each of these technologies is best in a specific temperature level, why there is not a
single technology for all applications. In this thesis it is focused on the temperature
level of <100 °C and 100 — 200 °C. One technology to provide these temperatures in
an efficient and sustainable way are heat pumps (HP) [1], [2], [3], [4].

Figure 1 (in this figure . (dot) is used in difference to , (comma)) show three ways
(hydrogen boiler, electric heater and HP) to electrify the thermal energy supply and
their efficiencies. Efficiency is in this table incorrectly stated as coefficient of
performance (COP) for all technology, whereas thermodynamically a COP can only be
defined for circular processes. COP in this sense means the amount of thermal energy
output per electrical energy input. The COP is highest for a HP and minimal for a
hydrogen boiler, however hydrogen boiler or electric heater can reach significant
higher temperature levels [5].
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COEFFICIENT OF PERFORMANCE

Thermal Energy (Qour)

COP = —iectrical Energy (Wi)

TECHNOLOGICAL OPTIONS

D Qnul Qout Qnul
-
&
Electrolyzer
win

Qin win

wln g
Electricity Electricity Heat source Electricity
COPgreen 12 < 0.75 COPgy~1 COPup=2...6

Figure 1 Efficiency of different electrified heating technologies; in this figure . (dot) is used in
difference to , (comma) [5]

Figure 2 shows the necessary transition of heating technologies for low temperature
(LT), medium and high temperature (HT) heat supply between 2020 and 2050 for the
global light industry (sub-sectors mentioned in the figure) to meet the international
energy agency (IEA) net zero goals by 2050. All the technologies mentioned above will
have an important role in this transition. To meet the global HP role in 2050, 500 MW
thermal HP power must be installed every month for the next 30 years [6], [7], [8].

Projected Worldwide Heat Supply for the Light Industry to Meet
IEA Goals

Low/medium-temperature heat demand by technology Technology
2020 | 1 Fossil fuel heater
2030 - e ek

: 2 M Electric heater
2050 {1 L Hydrogen heater
- High-temperature heat demand by technology ! mHeat PUMP e 500 MW per month

2020 : - . 1 Other heat sources  for the next 30 years!
2030 w1
2050 — Sub-sectors .

| Heat demand by sub-sector M Mining and construction

™ Food and tobacco

2020 _ Machinery
2030 _ m Textile and leather
2050 I = Transport equipment
i M Wood and wood products

25% 50% 75% 100%

Figure 2 Projected worldwide thermal energy supply for the light industry to meet IEA goals [8]

2 Fundamentals of heat pumps

Heat pumps use a left-handed thermodynamic cycle to absorb thermal energy from a
source a low temperatures to provide thermal energy at higher temperatures on the
sink side. Figure 3 shows simplified the left-handed process of a HP and possible
thermal energy sources and sinks. The thermodynamic cycle is used to evaporate,
compress, condense and expand an refrigerant driven by electricity. Thermal energy
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sources may be air, water, ground or waste heat and typical end-users are households

(buildings), district heating or the industry. Process medium on the sink side may be
air, water, steam, or other heated material [6].

Air Water Ground Waste heat
L - = 1 T I
| . |
l-ls&itl
‘ e ——————— » Evaporation -----c-cooonaaon 3
¥
Expansion Compression
. N 4

Refrigerant s

Air Water Steam Heated material

Buildings

District heating

Industry

Figure 3 Simplified visualization of a HP with possible sources, sinks and process mediums
[6]

Conventional heat pumps are a very efficient way to generate thermal energy up to
100 °C. This temperature level can address the residential heating requirements
(space heating (SP) and domestic hot water (DHW)) as well as 11 % of the industrial
thermal energy demand. Industrial heat pumps (IHP) can reach temperatures up to
200 °C filling the gap of the 100 — 200 °C temperature level. This temperature level
accounts for 20 % of the industrial thermal energy demand. Old district heating systems
also operate at temperatures greater than 100 °C [1].

Figure 4 shows a comparison of an energy flow diagram of traditional process heating
and process heating with a HP. Traditional process heating uses a primary energy
source like gas, oil or biomass and convert it directly with some conversion losses in
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process heat. HP need electricity as primary energy. The HP uses electricity to transfer
thermal energy from a low temperature source (like waste heat or environmental heat)
to a higher temperature sink. The COP for heat pumps is typically between three and
seven. This means that three to seven units thermal energy are produced with a single
unit of electricity. The primary energy factor (PEF) for electricity (PEFe) defines the
ratio between the primary energy consumption (PEC) and the end-user consumption
of electricity. The PEF for thermal energy (PEFn) defines the ratio between the PEC
and the thermal energy used by the end-consumer [9].

Traditional Heat pump for
process heating H process heating

Conversion PEC
Losses r ®

Ee
Primary Conversion PEFy = PEC
Energy Losses Qp
Consumption
! PEC Electricity E,
Primary | =
Energy
Consumption | Process Heat Process
PEC Heat Pump Heat
Qp Qp
Waste
Heat

PEFp=———

_ PEC : Qw
Qp : "

>

Figure 4 Energy flow diagram of traditional process heating (left) and process heating with
HP (right) [9]

HP require a thermal energy source, which is typical LT waste heat or environmental
heat. Therefore, the possibility to use HP for process heating is limited to the availability
of a thermal energy source. Study [9] investigated the waste heat and process heat
potential in four European industries (food, paper, chemical, refinery) shown in Figure
5 (in this figure . (dot) is used in difference to , (comma)). The waste heat potential is
highest at lower temperatures and lower at higher temperatures. The heat demand is
highest at high temperatures. Therefore, the HP should be able to provide with a low
temperature source a high temperature sink. The difference between the source inlet
(in) and the sink outlet (out) temperature is called temperature swing. In general
increasing temperature lifts lead to lower COP. In Figure 5 an example for a
temperature lift of 80 K (60 to 140 °C) reaching a COP of 2,4 is visualized [8].
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e.g. 60°C to 140°C
coP~2.4

Total Process Heat(PJ/a)

1200

Total Waste Heat (PJ/a)

1200

o 20 40 60 80 100 120 140 160 180 o 20 40 60 80 100 120 140 160 180
Waste heat temperature in °C Process heat temperature in °C
I Food Sector

I Paper Sector
| " Chemical Sector
I Refinery Sector

Figure 5 Total waste heat supply and LT process heat demand in four selected European

industries; in this figure . (dot) is used in difference to , (comma) [8]
Figure 6 shows a very simplified decision map, if a HP is suited for the given problem
or not. First a process should be optimized, and internal heat recovery should be
implemented. If there is still enough waste heat, the simultaneity of the waste heat
supply and the process heat demand or the feasibility of a buffer storage must be
checked. In the next step the temperature levels and the reachable COP of a HP can
be determined. With these information’s and the knowledge of expected full load hours
(FLH) the profitability of a HP can be checked [8].

Does a heat
pump fit into

my industrial
process?

Process Siswiianetiy of
4 Enm;ge: :;351:8 waste heat and Temperatures? High use? [@
optimized? demand?

A heat

pump is a
good fit!

Figure 6 Simplified decision map if a HP is feasible for a given process [8]
With the given assumptions the implementation of a HP can lead to [8]:
¢ Lower operational expenditures (OPEX)
e Valorization of waste heat

¢ Increase energy efficiency

e Reduce CO2.evemissions
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Figure 7 gives a summary of market barriers of IHP of different stakeholders. On the
side of the industrial customers, the product acceptance (“no, one fits all solution”),
complexity of systems and the knowledge of different technologies is a problem.
Furthermore, the capital expenditures (CAPEX) of HP solutions are typical higher than
for fossil solutions and traditional payback periods of 1 — 3 years are not feasible. The
competitiveness in terms of life cycle costs (LCC) is strongly dependent on fuel prices
(electricity, gas, ...), which are difficult to predict for an investment horizon of > 20
years (yr). The temperature level of HP is limited and the COP is weaker for greater
temperature swings and higher temperature levels [10].

Product acceptance nygy = 27
Lack of suitable products
Lack of knowledge of planners
Lack of knowledge about
available HPs

Energy :
Service Others Planners/ High OPEX [Ei3
Companies 7 Consultants Obstructive electricity taxation JEE3

Survey among 27 experts
on heat pumps and heat
recovery

Knowledge &
Information

Lack of Life Cycle Cost (LCC) analyisis JEF3
Expectation of short payback periods

Costs

High CAPEX

Fuel prices too low

Mo suitable temperature levels EEE3

HP
Manu-
facturers

Scientists

Insufficient efficiency
Unwanted change
in production

Industry

Preferred direct use of waste heat

T

Technology &
Process

0% £% 10% 15% 20% 2% 0% 5% 40%

Figure 7 Survey among 27 experts about market barriers of IHP [10]

In the following thesis areas of interest for the implementation of a HP are analyzed
and their cost effectiveness and potential within these areas is investigated.

2.1 Industrial heat pump manufacturer

The following Table 1 (in this table . (dot) is used in difference to , (comma)) gives an
overview of global high temperature heat pump (HT-HP) manufacturer and their
technical readiness level (TRL). There is a wide variety of compressor types and
working fluids, whereas some are already commercially available, and others are in a
research state. Temperatures higher than 165 °C can only be reached by a mechanical
compression of steam [11], [12], [13].
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Table 1 Overview of development of HT-HP manufacturer; in this table . (dot) is used in
difference to , (comma) [11], [12]
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Supplier Compressor type Working fluid Capacity Trmax supply TRL
Fuji Electric Reciprocating R-245fa 0.03 MW 120 °C 9
Scroll and EVI R-245fa, R410a,
Emerson 0.03 MW 120 °C 6
Scroll R-718
Mayekawa . .
] Reciproating R-744 0.1 MW 120 °C 8-9
(EcoSirocco)
Mayekawa
- y Reciprocating R-1234ze(E) 0.1 MW 120.°C 8-9
(EcoCircuit)
Skala Fabrikk Piston R-280, R-600 0.3 MW 1152C 7
Kobelco
) R-245fa/R-134a,
Compressors Twin-screw T 0.4 MW 175°C 9
Corp. (SGH165) ’
Kobelco
Compressors Twin-screw R-245fa 0.4 MW 120 °C 9
Corp. (SGH120)
Mitsubishi Heavy Two-stage
R-134a 0.6 MW 130 °C 9
Industries centifugal
ecop Centrifugal ecop fluid 1 0.7 MW 150 °C a-7
Mayekawa
Europe (HS Piston R-600 0.8 MW 120 °C 7
Comp)
Kobelco
Compressors Twin-screw R-718 0.8 MW 175°C 9
Corp. (MSRC160L)
R-1336mzz(Z),
Enertime Centrifugal R-1224yd(Z), 2.0-10.0 MW 160 °C 4-8
R-1233zd(E)
Spilling Piston R-718 1.0-15.0 MW 280 °C 9
Epcon HP centrifugal fan R-718 0.5-30.0 MW 150 °C 9
Application
Turboden Turbon . 3.0-30.0 MW 200 °C 7-9
specific
MAN Energy Centrifugal turbo
- R-744 10.0-50.0 MW 150 °C 7-8
Solutions with expander
Piller Turbo R-718 1.0-70.0 MW 212°€¢ 8-9
Turbo (Geared / R-1233zd(E) /
Siemens Energy . 8.0-70.0 MW 160 °C 9 (to 90 °C)
single-shaft) R-1234ze(E)
Chemical
. R-718, H3PO4 and
Qpinch adsorption heat i >2.0 MW 230 °C 9
derivatives
transformer
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Mayekawa
Europe (FC Screw R-601 1.0 MW 145 °C 5
Comp)
Semi-hermetic
GEA ) R-744 0.1-1.2 MW 130 °C 8
piston
Fenagy Reciprocating R-744 0.3-1.8 MW 120 °C 5-6
R245fa,
Rank Screw R-1336mzz(Z), 0.12-2.0 MW 160 °C 7
R-1233zd(E)
SRM Screw R-718 0.25-2.0 MW 165 °C 5
; Semi-hermetic
Combitherm R-1233zd(E) 0.3-3.3 MW 120°C 9
screw
Sustainable "
Piston HFOs 0.3-5.0 MW 165 °C 6-8
Process Heat
Hybrid Energy Piston, Screw R-717,R-718 0.5-5.0 MW 120 °C 9
; - R-717, R-600
Johnson Controls Reciprocating 0.5-5.0 MW 120 °C 7-8
(cascade)
ToCircle Rotary vane R-717,R-718 1.0-5.0 MW 188 °C 6-7
Weel & Sandvig Turbo R-718 1.0-5.0 MW 160 °C 4-9
Piston (double
Olvondo 2 R-704 5.0 MW 200 °C 9
acting)
Reciprocating,
Heaten ‘ HFOs 1.0-6.0 MW 165 °C 7-9
custom design
Enerin Piston R-704 0.3-10.0 MW 250 °C 6
. Centrifugal /
Ohmia Industry i R-717,R-718 1.2-10.0 MW 150 °C 7-8
iston

In the following sections some HT-HP manufacturer are analyzed in more detail.
Further information about the different manufacturer and their technology can be found
in [11].

2.1.1 Kobelco

The Japanese company Kobelco offers a special HP concept with a thermal energy
supply capacity of 624 kW to generate saturated steam with 135 — 175 °C. In the
evaporator the working fluid is heated up and vaporized by the source and is being
compressed to higher temperatures. In the condenser thermal energy is transferred to
pressurized circulating water at 115 °C, which is being decompressed to 0,1 MPa in a
flash tank. Flash steam with 110 °C is generated and compressed to 0,8 MPa and 175
°C. In Figure 8 (in this figure . (dot) is used in difference to , (comma)) you can see a
technical diagram of the machine with typical COP depending on the temperature level
[12], [14].
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Saturated steam

135-175°C
Steam :
compressor i Compressor
unit y
Drain
separator
_ Drainage
Injection water Throttle valve
Feed water =———el= Flash Pressurized
tank water
115°C
Pump
Heat pump
unit :
Condenser
Economizer
Compressor
Internal heat
exchanger
Evaporator
Expansion valve
R245fa+R134a -
35-70°C
Heat source water
Figure 2: System configuration
Table 1: Performance
Tmh Twa.m rﬂnl,h Tmll.mt c Ophnm.
[*cl [*c [*cl [*c [
70 65 20 165 25
70 65 20 135 30
50 45 20 165 19
50 45 20 135 22
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Figure 8 Concept and typical COP of operating temperatures of the Kobelco HP; in this figure

. (dot) is used in difference to , (comma) [12], [14]

2.1.2 Hybrid Energy AS
Hybrid Energy is a Norwegian company offering a hybrid HP with a mixture of ammonia
and water as working fluid. Temperature levels of up to 120 °C can be reached. A
simplified flow diagram of the hybrid HP is shown in Figure 9. Hybrid Energy has three
different models depending on the thermal energy output (1 — 5 MW) and temperature
level (90 — 120 °C) [15].
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water 40-75°C absorber/condenser water 75 - 110 +°C

compressor

HP tank

solution
pump

gas / liquid
X separation tank

20-75°C desorber / evaporator 15-75°C
waste heat

Figure 9 Simplified flow diagram of the hybrid energy HP [15]

There are several HP of Hybrid Energy (most of them in Scandinavia) in operation.
Their HP is used in dairies, food processing, wastewater & sewage treatment, and for
district heating (DH) [15].

2.1.3 Combitherm

The german company Combitherm offers a HP series with a thermal energy output
between 20 — 1000 kW and temperatures up top 120 °C. The working fluids are HFOs
(hydrofluorocarbons), HFKWs (hydrofluorolefines) and natural working fluids. The
compression is done with screw or reciprocating piston compressors. A reference
project of Combitherm is a fish factory in Norway, where waste heat of a drying process
is reheated via a HP and feed back into the process [16].

2.1.4 Mayekawa

Mayekawa is a Japanese company offering different kinds of HP. Their portfolio include
ammonia-, mobile-, snow melting- and CO2 HP. The Ecosirocco CO2 HP is the only
HT-HP model of Mayekawa. The heating capacity is around 120 kW and temperatures
of 120 °C can be reached with an air supply of 80 °C. The exemplary use cases are
food processing plants, meat processing plants, beverage plants, automobile plants,
semiconductor plants and hospitals [17].
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2.1.5 Sustainable Process heat GmbH (SPH)

Sustainable Process heat (SPH) is a very young company using the HP technology of
Viking Heat Engines AS after their insolvency. SPH is a German company developing
the Thermbooster HP, which has a power of 400 — 1000 kW. The working fluid is R-
1233zd (trans-1-Chlor-3,3,3-trifluorpropen). The source temperature can vary between
8 — 120 °C and the sink temperature can be up to 165 °C. Figure 10 shows one possible
use case from their website for producing hot water with 135 °C [18].

Anwendungsbeispiel HeiBwasser

Getrénkeindustrie, 2-Kreis-ThermBooster™ mit 2 Kompressoren

Wirmequelle: Eintritt 95°C
Austritt 75°C

Warmesenke: Eintritt 115°C
Austritt 135°C

Wirmepumpe: Heizleistung 1280 kW
Kiihlleistung 1040 kW
Elektrische Leistung 270 kW
coP 47

Figure 10 Possible use cases of SPH HP [18]

2.1.6 Ochsner

The HT-HP of Ochsner are labeled IWWDS, ISWDS and IWWDSS and have a power
between 170 — 750 kW. The maximum temperature output is 130 °C, which can be
achieved with special screw compressors. Ochsner uses a non-toxic and non-
flammable working fluid called OKO1 (R245fa). There are no reference projects of this
HP on the website [19]. Figure 11 (in this figure . (dot) is used in difference to ,
(comma)) gives an overview of Ochsner HT-HP [13].
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m 35t055°C->70to 130 °C

m  R245fa, 170 to 400 kW

IWWDSS R1R3b (2-stage cascade):
m 10to25°C/95to 130°C

m  R134a/R245fa, 90 to 530 kW

OCHSNER
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(R245fa)

Screw compressor & tube bundle HX

Hamil t |

Applicabnsz

e district heating & heat recovery in industry
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OKO 1&
IWWDSS RZR3b| “myada .:
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8 25 35 55
New [IWWHS ER3b TWIN with R1233zd up to 2.4 MW

125130 [cc]

Figure 11 Overview of Ochsner HT-HP; ; in this figure . (dot) is used in difference to,

(comma) [13]
Alternative Ochsner also offers another HP series with temperatures up to 95 °C with
a power level of 60 — 850 kW. Such a HP (ISWHS 60 ER3) is operating at the Winery
GVS Schaffhausen. The net power is 63 kW and a heating COP of 4,2 can be
achieved. The HP uses the waste heat of a cooling machine with 37 °C as source
producing a sink with 80 — 95 °C. The thermal energy is used in the facility for
disinfection of the wine tanks, the bottling line and is additionally fed into a small DH
system [19].

2.1.7 eNGie — thermeeco?2

The flagship HP series (thermeeco?2) of the company eNGie is available in the power
range of 90 — 1000 kW. The maximum output temperature is 90 °C. The working fluid
of this HP series is CO2. Currently 90 thermeeco2 HP are in operation. In their brochure
they show an exemplary customer (Osatina) using the thermal energy for different
applications in greenhouses. The source is about 14 °C and the sink between 40 — 60
°C. Other exemplary use cases can be found on their website [20], [21].

2.1.8 Ecop Technology GmbH

Ecop Technology GmbH is an Austrian manufacturer of IHP. The working medium of
the ecop rotation heat pump (RHP) are noble gases (helium, argon, krypton). The
working medium is per- and polyfluorinated chemicals (PFAS) free, as well as non-
flammable and has a global warming potential (GWP) < 1. This is made possible by
the technology of the RHP, which is based on the Joule process. The ecop RHP cover
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the temperature range between 5 °C (cooling) to 150 °C (heating). Technologically, the
temperature range between - 50 °C and 250 °C is possible [22], [23].

2.2 Reference HP - ecop Rotation heat pump

This thesis uses the RHP of ecop as reference HT-HP. COP calculations of different
setups and economic analysis are based on this HT-HP. Some specifications of the
ecop RHP and technical details are given in 2.2.1 - 2.2.4.

2.2.1 General

In Table 2 technical data of the RHP is summarized. The nominal thermal energy
output is between 400 - 700 kW. The maximum temperature of the sink is 150 °C. The
working medium is either argon, helium, krypton, or mixtures of these three
components. The temperature lift is currently limited to ~ 55 K by the maximum rotation
of the heat exchanger [23].

Table 2 Technical specification of the ecop RHP [23]

Nominal heat output: 700 kw
Working gas: Noble gas mixture (He, Ar, Kr)
Maximum outlet temperature of the sink: 150 °c’
Maximum inlet temperature of the source: 125 °C?
Maximum temperature lift between sink outlet and source inlet: 55K
Minimum outlet temperature of the source: 5°C
Medium for heat transfer: H0
Dimensions® (W x H x L): 2200 x 2700 x 8100 mm
Connection sink: DNBSO (3"), PN16
Connection source: DN80 (3"), PN16
Mass: 16t
Nominal mass flows® / Kv-value®: 21m*/h f 15m*/h
Maximum system pressure source/sink: 16 bar
Electrical fuse protection: 500A gL/gG
Supply voltage: 690/400 V - 3-N ~50 Hz
Max. Nominal electrical power consumption (start-up): 280 kW
E;:;:ii ;]:fjt:::;pl::il;e; :::;L;:r::;nn in steady-state operation 150-200 kW

2.2.2 Thermodynamic process of the RHP
In a conventional heat pump, the refrigerant is evaporated or condensed in a left-hand
closed loop process, passing through the two-phase region (carnot process). In the
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RHP, the joule process is decisive, in which the working medium remains in the
gaseous state the entire time. The two cycle processes are shown in Figure 12 [23].

Conventional HP sink Ecop RHP

Bjbil oinba

source

Figure 12 Cycle process of a conventional HP (left) and the Joule Process of the ecop RHP
(right) [23]

Figure 13 shows the typical cycle of a conventional HP with Ammonia (NH3) as working
medium (left) and the Joule process of the ecop RHP (right) in T,s-diagrams [23].

2-Phase Carnot process 1-Phase Joule Process

T [

5 _corst
o

= e B3 D — s
o om owe L m e . 3 source.out=43°C

Figure 13 T,s diagrams which show the conventional HP typical Carnot process (left), Joule
Process (right) [23]

In the RHP, the working medium is compressed via centrifugal forces by rotation of the
rotor. The centrifugal force rise with increasing distance from the axis of rotation, which
compresses and heats the working medium. In the expansion tube the working medium
is being relaxed closer to the axis. A compression efficiency of up to 99% can be
achieved. An additional fan is required to circulate the working medium in the tubes to
overcome pressure losses, due to friction, deflections, and temperature changes. The
main components of the system are the high-pressure (sink side) and low-pressure
(source side) heat exchangers (HEX), compression lines, expansion lines, and the fan.
At the high-pressure HEX, the thermal energy is transferred to the sink circuit, while
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the low-pressure HEX absorbs energy from the source circuit. Figure 14 shows the
rotor and the main shaft of the ecop RHP with the three fluid circuits (sink, source and
working medium) [22], [23].

L S o To :
T e e et | ol A B B B, B M B P P B B E P ey A I— e

&b
|

Ventilation System

ow remperature heat exchanger

Figure 14 ecop RHP rotor with the three fluid circuits (sink, source and working fluid), the
colors imply temperature levels (red hot > yellow > green > blue); e.g.: exempli gratia
(exemplary) [22]

Figure 15 (in this figure . (dot) is used in difference to , (comma)) shows the joule
process of the ecop RHP in a T,s-diagram. The temperatures and entropies listed are
only given as examples. In the low-pressure HEX of the RHP thermal energy from a
source (for example excess heat) is absorbed (4 - 5). For technical reasons, an
extension tube is needed to connect the low-pressure heat exchanger to the fan (5 -
5.1). In the next step, the fan compresses the working gas just as much to overcome
the pressure losses during the cycle (5.1 - 5.2). In the compression tube, the working
gas is compressed by the centrifugal forces and the temperature increases (1 - 2). In
the high-pressure HEX, the thermal energy of the working gas is transferred to the sink
(2 - 3) (for example DH feed). In the expansion tube, the pressure, and the temperature

of the working fluid decreases (3 - 4) [23].
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Figure 15 Cycle process (Joule process) of the ecop RHP divided in some steps ina T,s-
diagram; in this figure . (dot) is used in difference to , (comma) [23]
Figure 16 (in this figure . (dot) is used in difference to , (comma)) shows the relevant
sections of the joule Process (numbers comparable to Figure 15) in the schematic
working fluid circuit. The colors are representative for the temperature level. The
temperature is maximal in the sink HEX (red) and minimal in the source HEX and close
to the lowest pressure before the fan (blue) [23].

Expansion Pipe High-Pressure Heat Exchanger Compression Pipe

3 Ve 2

Temparature
Tompecature 1

It

Temperature increases
—

M

Axis of Rotation Low-Pressure Heat Exchanger Expansion Pipe Fan

Figure 16 Relevant sections of the Joule process in the working fluid section; in this figure .
(dot) is used in difference to , (comma) [23]
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2.2.3 Demonstration plant
The first conventional rotation heat pump of ecop has been implemented in a biomass
combined heat and power plant (CHP).

The CHP burns woody biomass to generate electricity in a steam cycle and thermal
energy for DH. After the utilization of the steam in the turbine, the steam needs to be
condensed completely. Before the integration of the RHP, the evaporation enthalpy of
the utilized steam was released to the environment by a fan. The RHP is used to
condense the steam using it as source to lift the temperature of the sink. The sink is
the feedback of a district heating system being heated up from 55 °C to 95 °C. A
schema of the combination between the CHP plant and the RHP is given in Figure 17
[22].

Consumer
:i JI I-'I.J: I? !l ;]I.'I.'I'-IE !i ii I: I.'Irlr
1 S
6] 6] &

condenser cooling (fan)

95-105°C | ¥55°C RHP-K7 4,- s
——_—_—‘———_

condenser

A

QZ@ steam turbine and generator

thermal evaportator

district heating circuit

combustion chamber

air and fuel (biomass)

Figure 17 Schema of the rotation heat pump in a biomass CHP [22]

2.2.4 Advantages and Disadvantages of the RHP
The advantages of the RHP compared to conventional HP are as followed [23]:

e Very high sink temperature, which opens use-cases that are not addressable

by conventional HP. Especially the industry sector with use-cases up to 150
°C can be addressed.
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e The operation in different temperature levels is very flexible, while being
efficient. Therefore, the inlet and outlet temperatures of the source and sink
can be variable. The flexibility results in the variable compressor pressure ratio
of the working gas (variable rotation of the rotor). The mass flow and the
resulting thermal energy transfer can be easily regulated by the fan.

e The working gas is not toxic, PFAS free, not flammable and has a GWP lower
than 1.

e The temperature lift (source in to sink out) of the RHP (55 K) is higher than
conventional HP (30 K).

e The RHP can reach higher COP than conventional HP, because of the use of
the joule process (see Figure 18 — limitations by physics)

Figure 18 (in this figure . (dot) is used in difference to , (comma)) compares the
maximum reachable COP of a conventional COP based on the Carnot process and
the ecop RHP based on the joule process. The enthalpies (h) h1 — h5 refers for the
carnot process to Figure 13 and for the joule process to Figure 15 [23].

2-Phase Carnot process 1-Phase Joule Process

h2-hS h2 —h3

COP = — =605 COP

= =10.3
(h2—hl) (h2—hl)—-(h3-hd)

Figure 18 maximal reachable COP of the Carnot process (left) and the Joule process (right);
in this figure . (dot) is used in difference to , (comma) [23]

3 Economic Analysis

The economic efficiency of a heat pump investment in general is determined by the
payback period and the trade-off between the needed investment costs for the
application including installation and the reduction of operational (energy) costs. For
industrial investment decisions the payback period should be in a range of 1 to 3 years
and maximum 5 years. To define a payback scenario the COP is needed as well as
average energy costs. Furthermore, CO2 prices become more and more important in
total costs of ownership (TCO) calculations with a fossil reference scenario. In
economic efficiency analysis different options are compared to choose the best fitting.
In this thesis the reference scenario are natural gas (NG) boilers.

3.1 Investment decisions with Total Cost of Ownership

Investment appraisal using TCO is a calculation method for determining life cycle
costs. The aim is to consider the income and the expenditures associated with an
investment decision, which are incurred throughout the entire process from planning
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through construction to disposal [24], [25]. The goal of a TCO is to make statements
about whether and in which form an investment pays off or which one causes the
lowest costs [26]. Figure 19 shows the different investment decision procedures that
can be applied in the context of a TCO. This thesis focuses on the single economic
approach, which considers the cost / benefit issue of a specific project. The
macroeconomic method is used for a company-wide view and considers issues such
as sales, location, and financing considerations [24], [27].

Investitions-
rechnung
I
i B .. i B o
Einzel- Gesamt-
wirtschaftliche wirtschaftliche
Betrachiung Betrachtung
I i
- r Lo i B . 1 : . -
Statische Dynamische Methoden bei _Kosten- Vollstandiger
unsicheren Wirksamkeits- i Fi |
Verfahren Verfahren Erwartungen Analyse Inanzplan
;Kostenver leichs- Dynamische Sensitivitats- Nutzwert- ‘ Kosten-
m rechngn = Amortisations- | e analyse analyse ™™ Nutzenanalyse
9 rechnung y y T y
Gewinn- ;
= vergleichs- e Kﬁ,lpéﬁg":fem = Risikoanalyse
rechnung
Rentabilitats- |} _|  Annuitaten- n Korrektur-
rechnung methode verfahren
statische Interne- oder . ;
= Amortisations- | == Modifizierte- == Simulation
rechnung Zinssatzmethode
Endwertmethode

oder VOFI

Figure 19 TCO investment decision-making processes [27]

3.1.1 The factor time ina TCO

The factor time considers in a TCO, if the calculation is done static or dynamic. Static
methods not considering time as a factor are simple, but are not relevant for an investor
in terms of a later profitability analysis. Static models do not respect real accounting,
depreciation, and interest policy. In a static model cost are constant over a period, or
the life of the investment. In the dynamic view, the timing of cash inflows and outflows
is accounted for by interest. This interest can have decisive effects on investments and
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must be calculated accordingly. In this thesis investment decision are calculated in a
dynamic way [26], [28].

Income and expenses can be related to any point in time by "discounting" and
"compounding”. In Figure 20, this is illustrated by means of a time bar that can be
divided into selectable time intervals. The compounding / discounting factor (q*- ")
considers the interest rates between the reference and the observation period. The
present value (K-n) is calculated according to Equation (1). Similarly, the future value
(Kn) can be determined with the aid of the compound interest factor [26], [29].

discounting compounding

m

K.n=Ko*q" Ko Kn=Ko*q"
| |

| >
n interest periods n interest periods t
S
Figure 20 Visualization of discounting and compounding [30]
Kn=Ko (1+D)™" =Ko q" (1)

Ko cash value in €

Ko present value in €

q" discounting factor

i discount rate in %

n observation period in yr

3.1.2 Discounted payback period

This thesis is using the discounted payback period as dynamic investment making-
decision process, because the time until an investment is paid back is a major factor
in industry investment decisions. The discounted payback period can be calculated
according to (2). In this thesis the interest rate is assumed to be constant 3 % over an
investment period of 20 — 30 years [10], [26], [31], [32].

CAPEX

DPP = ~in(1- OPEX?avings) — —ln(l—P.P) (2)
InA+1i) InA+1i)
DPP discounted payback period in yr
PP static payback period in yr

CAPEX capital expenditures in €

OPEX;avings savings in the operational expenditures in €
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e Investment costs of the HP including auxiliary system, what is specified in more
detail in 3.3. In this case the HP substitute the existing heating system. The DPP
show the payback period of the new HP system in difference to continuing to

operate the old system.

o CAPEX difference between the HP system and the reference case. In this
case DPP show the time needed that the HP system and the reference case

have the same costs.

OPEXsavings clarify the difference in the OPEX in one year between a reference heating
scenario (gas boiler) and a HP system. The OPEX of a gas boiler as reference scenario
is calculated by Equation (3). The OPEX of the HP system is shown in Equation (4).
Differences in maintenance costs are due to their small impact neglected [10], [32].

Qdemand fNG
gas boiler= ( CNG + CCOZ)

OPEX
{gas boiler 106

OPEX ;45 poiter  OPerational expenditures of a gas boiler in €

Qaemand thermal energy demand in kWh
(gas boiler combustion efficiency of gas boiler
Cne NG price in €/kWh
fye Scope 1 COz2 emission factor of NG in gCOz-v/kWh
Ceoz EU-ETS price for Carbon emissions in €/t
Qdemand
OPEX Hp= W Celectricity
OPEXyp operational expenditures of a HP in €
copP COP of HP for given scenario
Cerectricity electricity price in €/kWh

3)

(4)

Figure 21 (in this figure . (dot) is used in difference to , (comma)) shows a sensitivity
analysis of an exemplary HP case with 1 MW heating capacity. The sink / source
temperature is 115/ 45 °C and the achievable COP is 2,53. PP result in 2,6 years and
the DPP in 3,2 years. The sensitivity analysis shows the impact on the PP, if the
different variables are adjusted between 50 and 150% of the current value. Very step
curves show a very sensitive behavior. The most sensitive parameters are the FLH,

electricity and fuel (gas, oil) price [10].
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Sensitivity Analysis = :
= 60 - Electicity price PP A4\ [ 005 015 |EURKWA
5 5.5 1 Temperature lift 35 105 |K
> 50 A - Cost factor planning & integration 1.0 30 |-
o 4.5 - Efficiency of fuel boiler 085 X 0.95 |-
Q40 - -» CO2 emissions factor of electricity 0.064 JRPLY 0.192 |kgCO2/kWh
B 35 —»_Maintenance factor 0.02 JEXTH o006 |-
s —» Heating capacity 500 JRERLDY 1'500 [kw
a 3.0 1 » CO2 tax 46 139 |EURACO2
S 2.5 1 - CO2 emissions factor of fuel 0.181 [[PIRH 0.302 [kaCO2/KWh
2 20 —» Annual operating time 3'600 Jarli] 8'640 |h/a
815 - -» Fuel price (gas, oil) PP W [0.020 0Nl 0.086 [EUR/KWh
1.0 S ® Reference Case (Ref) - Variaion +
05 1 15 1000 kW, 45 °C/115 °C (Heat source/sink), COP = 2.53

Variation factor PP =26 years, DPP = 3.2 years

Figure 21 Sensitivity analysis of the PP according to their variation in the range of 50 — 150
% of the current calue; in this figure . (dot) is used in difference to , (comma) [10]
Figure 22 (in this figure . (dot) is used in difference to , (comma)) shows the cost parity
between a HP and gas boiler depending on the power to gas price ratio and the
temperature lift. Higher temperature lifts lead to decreasing COP. The relation between
temperature lift and COP is shown in the figure. The assumptions for the graph are
given on the right side of the figure. It is pictured that high electricity to gas price ratios
and low temperature lifts lead to economical HP systems. Various power to gas price
ratios in European countries lead to different national attractiveness of HP solutions.
Exemplary is the electricity to gas price ratio in Sweden 1,7 and therefore the

temperature lift boundary for an economical operation is 88 K [10].

\.I 2.0-2.5

= Igfg - r The marked line shows the cost
.0-1. eat pump rather o ;
'w0.5-1.0 edonoiical 8 panty between the annual cos.ts
'®0.0-0.5 > with a heat pump and a gas boiler
5 2
279 | ] : :
g T [oros aome, el
7] % o Interest on caplta‘lz 5% 5%
§ o ® Useful life: 15 years 15 years
= o g — Annuity: 40.5 EUR/KW 5.8 EUR/KW
g § A 3 8 | Vemenencscosst DORRMW a2 cURIW
E E‘ Heat pump rather_ d_; 2" |aw efficiency (n 4p):" 45% '
< ® uneconomical Gas boiler efficiency (7 goser): 80%
2 ; Operating hours:? 3504 hiyear  3'504 hiyear
Gas price:? 0,0301 Euro/kWh
10 20 30 40 50, 60 70 80 90 100 N e L TS R AR
Temperature lift ATLiﬂ = TSink.out - TSourca.in % Eurostat, EU-26, 2016

of a heat pump from heat source to heat sink in K

Figure 22 Cost parity of HP and gas boiler systems in accordance to the temperature lift and
power to gas ratio; prices are based on 2016; in this figure . (dot) is used in difference to,
(comma) [10]

Hence, an attractive market for HP are countries with a low ratio between electricity to
gas prices such as Norway or Sweden. Figure 23 (in this figure . (dot) is used in
difference to , (comma)) depicts the electricity to gas price ratio of some European
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countries for a small-scale industrial end-user in 2020. Because of the importance of
the electricity to gas price ratio the following chapter shows European trends [4].

1.0
15
B 20
B 25
[ JEXo)
[ EX)
B 40
B 45
@50

Figure 23 Electricity to gas price ratio of European countries for a small-scale industrial end-
user (2 - 20 GWh/yr electricity; 3 to 28 GWh/yr gas); in this figure . (dot) is used in difference
to, (comma) [4]

3.2 Electricity to gas price ratio
The electricity to gas price ratio is a very sensitive factor in HP economic analysis.
While the CAPEX of HP solutions compared to gas boiler are usually higher, the OPEX

are generally lower strongly depending on the electricity to gas price ratio. Because of
usual COP between two and five of HP in industrial uses for the same amount of
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thermal energy less electricity is needed than natural gas (NG). Therefore, if the
electricity to gas price ratio is low the market is more attractive for HP solutions,
because the plant operator can realize primary energy savings [33], [34].

Gas prices as well as electricity prices are different for households (private customers)
and non-households (industrial customers). Among the industrial customers it must be
distinguished between the quantity purchased. An example for the different electricity
prices for private and industrial customers in Austria is shown in Figure 24 [33].

Electricity price for private customers Electricity price industrial customers

in ct./kWh in ct./kWh

12
10 10 10 il
i -.1 . ;

2016 2017 2018 2019 2020 it 2 Al 2019 B
M Energy | MNetwork charge Taxes and duties M Energy [ Network charge Taxes and duties
Households from 2,500 kWh/a to 5,000 kWh/a Non-households from 4,000 MWh/a to 20,000 MWh/a

Figure 24 Electricity prices for private and industrial customers in Austria [33]

3.2.1 Electricity price

Electricity prices differ depending on the consumption volume. Therefore, electricity
prices for private customers and industries are different. This thesis focuses on
medium to large scale industries. Electricity for industries can be bought over the
counter (OTC) that are bilateral contracts between the customer, supplier, and grid
operator or on the exchange at very volatile prices. Figure 25 gives a short summary
about OTC and the electricity exchange [33].

Market Places

+ Bilateral contracts for standard and nonstandard * Market place for standard products
products * Market clearing price is derived from matching supply
and demand (auctions or continuously)

* Exchange/clearing house bears counterparty risk
(margins are used as collateral)
* Low market scouting costs

Low transaction costs
Structured, complex products possible

+ Less liquid and transparent (no reference price » Exchange fees
for nonstandard products) q;]j = Margin costs
L‘_L;D = Participants bear counterparty risk * Only standard products

+ high scouting costs

Figure 25 Electricity marketplaces in Europe [33]
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Because of the different marketplaces and the unique contracts, it is very difficult to
define the electricity price of an industrial customer. This section tries to define trends
of the electricity prices for different countries in Europe.

In Europe, the electricity price on the day ahead auction at the European Power
Exchange (EPEX) spot market is formed according to the merit order model. To explain
this model, one needs to understand the concept of marginal cost of electricity
generation. The marginal cost of a power plant determines the OPEX of the last kWh
of energy produced. Different types of power plants have different marginal costs,
which are shown in the example of Germany in Figure 26. Renewable and nuclear
power plants have little marginal costs, while NG or oil plants have due to the need of
a fuel input and carbon pricing higher marginal costs [33], [35].

Operating costs (Euro/MWh) Power Demand
Higher prices ...associated with
for electricity low input from
are... renewables

Renewables  Nuclear Lignite Hard Coal Natural Gas 0il Capadty (G W)
Electricity ...with higher input
prices are from renewables
reduced... e——

Capacity (GW)

Renewables Nuclear Lignite Hard Coal Natural Gas 0il

Figure 26 Electricity prices of the different plants based on the merit order model [36]

The electricity price is based on the price for the last kWh of electricity produced to
meet the called demand. All power plants with lower marginal costs than the last kWh
produced make a theoretical profit. Figure 27 visualizes the power price based on the
merit order [35].
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Electricity = Electricity

demand . supply
curve curve

Price in €

Market clearing price

Renewablesg Nuclear Coal Gas Peak
: Units ~

Power in MW

Figure 27 Simplified Diagram to visualize the electricity price based on the Merit Order
principle [35]

A study by Energy Brainpool based on the world energy outlook 2022 predict the long-
term development of average power prices for four scenarios shown in Figure 28. The
investigated countries are the EU-27, United Kingdom, Norway, and Switzerland. The
power price is declining until 2030 because of a recovery from the Ukraine war and is
starting to increase from 2030 due to rising CO2 prices. The scenario “central” is based
on Europe stopping to import Russian gas. Therefore, the European NG price is
determined by the global liquified natural gas (LNG) price. The energy system will
strongly decentralize with a significant expansion of renewables. The “Tensions”
scenario is based on increasing tensions between Europe and Russia and higher CO2
prices. Therefore, the early NG prices are higher in this scenario. The “Relief” scenario
is based on a better relationship between Europe and Russia. Europe decreases the
amount of fossil fuels slightly. The renewable expansion target, which were set during
the crisis, are kept in place. “GoHydrogen” focuses on a fully decarbonization until
2050 comparable to the IEA “Net Zero” scenario [34].

September 2023



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Seite |27

140 4

120 1

in EUR2g21,/MWh

Average baseload price EU27 & CH, NO, UK

20 A

2025 2030 2035 2040 2045 2050 2055 2060

— Central — TENSIONS — Rolief = GoHydrogen

Figure 28 Long-term average power price in selected European countries for four scenarios
[34]
Energy Brainpool predicts for future renewable power scenarios very volatile prices
between summer and winter visualized for the central scenario in Figure 29. The prices
will rise in winter due to the temperature sensitivity of the electricity demand and
supply. The solar and hydroelectric power supply decrease in winter and the electricity
demand increase due to greater energy losses and the need for heating [34].
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Figure 29 Increasing volatile power prices due to seasonal fluctuations in Europe [34]

There are also studies, which show long-term average power prices for countries with
a lot of solar or wind power to decline to 30 — 40 €/ MWh in the future [2].

Table 3 gives a summary of the different power price trends in Europe based on
different scenarios [34].

Table 3 Summary of the European power prices between 2025 and 2050 by scenarios [34]

Energy Brainpool

3.2.2 Gas price

source Central [34] GOHEI; :])gen Relief [34] TeF;AO]nS \I/\gﬁjaerl

EU power €/MWh €/MWh €/MWh €/MWh €/MWh
2025 95 95 90 105 96,25
2030 75 76 61 99 77,75
2040 66 59 57 103 71,25
2050 77 68 72 108 81,25
81,63

A study by Energy Brainpool based on the world energy outlook 2022 predict the long-
term development of commodity prices for an announced pledges scenario shown in
Figure 30. It is assumed that all countries will fulfill their currently pledged goals.
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According to Energy Brainpool the NG price will drop to around 26 €/ MWh in 2026 and
afterwards decline steady to 15 €/MWh until 2060 [34].
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Figure 30 Long-term development of commodity prices, European Allowances (EUA): carbon
pricing see 3.4 [34]

Table 4 (in this table . (dot) is used in difference to , (comma)) show the development

of commodity prices based on research of the Aarlborg University. According to [32]

the NG price is increasing until 2050 compared to prices before the Ukrainian war. The

conversion factor between €/GJ to €/ MWh is 3,6.

Table 4 Long-term price trends of commodities by Aarlborg University, conversion factor to
€/MWh is 3,6 GJ/MWh; in this table . (dot) is used in difference to , (comma) [32]

2009-€/GH) oil Matural | Coal | Fuel | Diessl | Petrol Jet Straw | Wood Wood Energy Nuclear
£/ g
Vear [Uss/bbl Gas il Fuel Chiips Pellets Crops
I
2011 B2.0 50 rry EB 11.7 119 127 35 4.5 9.6 4.7 L5
2020 074 9.1 31 119 15.0 15.2 16.1 3.9 5.1 10.2 4.7 15
2030 1189 i0.z 32 133 16.6 16.7 17.6 4.3 &0 10,9 52 15

Projected assuming the same trends as in 2020-2030

2040 1305 11.2 iz 147 1B.1 1B.2 1931 47 6B 115 5.7 15

2050 1azo 1x2 i4 161 18.8 197 206 3l 7.6 122 6.3 15

Table 5 (in this table . (dot) is used in difference to , (comma)) show the predicted long-
term commodity prices by IEA based on the World Energy Outlook 2022 depending on
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different scenarios, which can be read in detail in [37]. The Conversion factor between
USD/MBtu to €/ MWh is 3 considering a currency conversion of 1,15 €/USD.

Table 5 Conversion factor from USD/MBtu to €/ MWh is factor 3 considering 1,15 €/USD; in
this table . (dot) is used in difference to , (comma) [37]

i e
by 2050
Real terms (LS50 2021) 2021 2030 2050 2030 2050 20300 2050
IEA crude oil (USD/barrel ) a6 64 35 2d 64 4] g2 95
Matural gas (USD/MEBtU)
United States 5.3 39 19 18 37 186 4.0 4.7
European Union 8.0 55 4.6 is 78 6.3 B85 5.2
China 8.0 101 6.1 5.1 88 7.4 9.8 10.2
lapan 133 10.2 6.0 5.1 91 74 10.9 10.6

Steam coal (U50/tonne]

United States 63 a4 22 17 42 24 46 a4
European Union 113 120 52 a2 b2 53 60 Gd
lapan 132 153 5% 46 74 59 91 72
Coastal China 142 164 58 48 73 62 29 Ta

Motes: MBtu = million British thermal units. The IEA crude oil price is @ weighted average import price among
IEA member countries. Matural gas prices are weighted averages expressed on 3 gross calorific-value basis.
The U5 natural gas price reflects the wholesale price prevailing on the domestic market The European Union
and China natural gas prices reflect a balance of pipeline and LNG imports, while the lapan gas price solely
reflects LNG imports. The LNG prices used are those at the customs border, prior to regasification. Steam coal
prices are weighted averages adjusted to 6 000 kilocalories per kilogramme. The US steam coal price reflects
mine mouth prices plus transport and handling costs. Coastal China steam coal price reflects a balance of

imports and domestic sales, while the European Union and lapanese steam coal prices are solely for impaorts.
Table 6 gives a summary of the different NG price trends in Europe based on
different sources and scenarios [32], [34], [37].

Table 6 Summary of the European NG prices between 2025 and 2050 by sources and
scenarios [32], [34], [37]

IEA IEA IEA

Energy
Brainpool Ne_t Z.ero Announced | Stated | Aalborg
Announced | Emissions .. . . Mean

source Pledges | Policies | University
Pledges by 2050 [37] [37] [32] values
Scenario [37]
[34]

EU natural gas €/MWh €/MWh €/MWh [ €/MWh | €/MWh |€/MWh
2025 40 21,15 26,1 27 34,74 29,80
2030 23 13,8 23,7 25,5 36,72 24,54
2040 23 12,6 21,3 26,55 40,32 24,75
2050 18 11,4 18,9 27,6 43,92 23,96

25,76
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3.2.3 Electricity to gas price ratio

According to [34] the electricity demand will rise by around 64 % until 2050 mainly due
to national hydrogen strategies, enhanced electrification in households, and the
expansion of electric cars. In the industrial sector, increased efficiency can prevent a
significant increase in electricity consumption.

The historical power to gas price ratio of selected European countries between 2008
and 2022 is shown in Figure 31. The prices are based on an industrial customer with
a consumption band of 500 — 2000 MWh for electricity and a gas consumption > 200
GJ per year. Itis shown that Sweden has the lowest power to gas ratio. United Kingdom
(UK) has the tendency to have a high ratio. The spikes between 2021 and 2022 are a
result of the Ukrainian invasion. Turkey and Hungary had the most intensive reaction
on the Ukraine war. The EU-27 average is shown in bold yellow and the linear trend of
EU-27 in dotted yellow. Between 2008 and 2022 the EU-27 average was always
between 2 and 2,5 slightly increasing. An extrapolation of the EU-27 power to gas ratio
trend would lead to a ratio of 3 — 3,5 in 2050 [38].
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Figure 31 Historical electricity to gas price ratio of selected European countries between
2008 and 2022 [38]
Figure 32 shows the power to gas ratio in Europe between 2025 and 2050 based on
different scenarios. The calculated values are shown in Table 7. This figure is based
on the power and NG prices of the previos chapters. The ratio has been calculated for
comparable scenarios of the different sources. The gray net zero scenario differs a lot
from the others, because of significant lower NG prices. In 2040 all scenarios (except
net zero) show similar ratios. From 2040, the scenarios show different trends between
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2040 and 2050 leading to power to gas ratios between 2,0 and 4,2 in 2050 [32], [34],
[37].

6,0
5,5
5,0
4,5
4,0
3,5

3,0

2,5
2,0
15

Electricity to gas price ratio
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2025 2030 2035 2040 2045 2050
—=—Central / EnergyBrainpool -—Central / Announced Pledges years GoHydrogen / Net Zero Emissions by 2050
Relief / Announced Pledges —Tensions / Aalborg University -=—Mean values

-=-Mean values / Mean values

Figure 32 Power to gas ratio in EU-27 based on different sources and scenarios [32], [34],
[37]

Table 7 Calculated power to gas ratio values for EU-27 based on different sources and
scenarios [32], [34], [37]

GoHydrogen
Central / Central / NZt Zegro / Relief / Tensions / Mean values
power/gas ratio . Announced . Announced Aalborg |Meanvalues| /Mean
EnergyBrainpool Emissions by T
Pledges Pledges University values
2050

2025 2,38 3,64 4,49 3,45 3,02 3,40 3,23
2030 3,26 3,16 5,51 2,57 2,70 3,44 3,17
2040 2,87 3,10 4,68 2,68 2,55 3,18 2,88
2050 4,28 4,07 5,96 3,81 2,46 4,12 3,39
3,53 3,17

In 2021 an average industrial user paid 40 - 45 €/ MWh taxes for electricity and 6 — 6,5
€/MWh taxes for gas. Two-thirds of the revenues from power taxes are then used to
subsidize renewable energies. The net effect is that the decarbonization of the
electricity supply is subsidized, while disincentivizing the electrification of industry by
favoring the use of gas. A review of the taxation framework by favoring the direct use
of electricity would accelerate the switch away from fossil fuels. Figure 33 visualizes
the influence of the power and NG taxation on the power to gas price ratio [1].
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Figure 33 Influence of the power and NG taxation on the electricity to gas price ratio [1]

Figure 34 shows the electricity and gas prices in Europe and the United States of
America (USA) in 2021 and 2022. The energy prices in Europe are generally higher
than in the USA, while the power to gas price ratio in Europe is lower than in the USA.
This is a result of low NG prices in the USA. Hence, from this perspective Europe is
the more interesting market [1].

Electricity 187 Gas 66
(€/MWh) (E/MWh)

141

38
86 .85 28
22

Europe .S Europe u.s.
2021 [0l H12022 2021 | 1 H12022

Figure 34 Electricity and gas prices in Europe and the USA in 2021 and 2022 [1], [39]

The key findings are that Europe is due to increasing carbon prices an attractive market
for HP, but the power to gas ratio differs a lot within Europe. The most attractive market
from this perspective is Scandinavia, as well as France, Portugal, and Bosnia. High
ratios can be found in Romania, United Kingdom, Hungary, Croatia, and Slovakia. High
national CO:2 prices combined with a high shares of renewable generated electricity
result in low power to gas ratios. The considered long-term prices trends show similar
results until 2040 and then vary a lot depending on the scenario. This thesis has
decided to take an average power to gas ratio in Europe of three for an investment
horizon of the next 20 — 30 years. Detailed economic analysis should consider country
specific power to gas ratios [32], [34], [37], [40].
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3.3 CAPEX and subsidies of a HP

The costs of a HP are usually given as HP specific investment costs in € / kWp. Prices
for normal HP cannot be compared with IHP, because of the different requirements
and temperature level. Whether additional equipment, labor associated with design
and installation, and costs associated with design and installation are included in the
price depends heavily on the manufacturer and the effort required for integration.
Therefore, the specific HP investment costs found in the literature varies greatly
between 300 and 1000 €/kWp [9].

There are also different kinds of CAPEX and OPEX subsidies in Europe. A summary
of subsidies in selected Europe countries in 2022 is shown in Table 8 [41].
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Table 8 Summary of CAPEX and OPEX subsidies in European countries for large heat

pumps [41]
Investment aid | Operating aid Others Comments
Investment aid for large-scale heat pumps in the heating
Czechia X - industry is limited to one program within the Modernisation
Fund, the HEAT program.
C02 taxation applying to Investment aid is pmvid?d to operators 1:3 esltablish h?a!
pumps or solar heating systems. District heating
Denmark * the.heat A aot companies, where a minimum of 5% of the current heat
zoning ok : .
production is based on coal, oil or natural gas, are eligible.
& Support will be continued under funding from EU structural
Estonia X b funds to sy -switch, i i
pport fuel-switch, including large heat pumps.
No scheme dedicated to District Heating. The only
incentives for heat pumps target small-size units in the
Hungary X X ’ form of a reduced price for electricity for end-users during
the heating season.
There is an indirect mechanism linked to the white
certificate schemes: the deployment of Efficient DHC
systems can be rewarded with certificates proportionally
to the amount of heat delivered to final customers, and
Italy X X - heat pumps can be part of an efficient DHC system. But
this aid is not sufficient to stimulate the market. According
to calculations made by the Italian DH association, the aid
would represent no more than 5% of total investment
costs.
. £02 taxation applying to Investment suppn_rt fru~m Ju.ly 2922: electriFityto h'oth heat
Finland v e biaal naaakiat pumps and electric boilers in district heating are included
within tax class 2 (i.e. set to the EU minimum)
; . The heat fund targets the development of renewable and
CO2 taxation applying to i E :
France X waste heat projects, including Capex for DH deployment,
the heat market N ;
and applies to large heat pumps projects.
Both investment and operating aid (for thermal energy) are
Scheme that establishes |available under BEW, which aims to develop new DH
a CO2 price signal on the |schemes and upgrade existing ones, with a budget of Euro
Germany heat market, |3 billion until 2026. Operating aid is granted for the first 10
complementary te ETS |years of operation. Additionally, the iKWK (innovative CHP)
(large installations) provides operating aid for heat pumps in conjunction with
CHP units.
Poland X Aid can be provided for heat pumps fuelled by renewable
= energy sources or in combination with CHP.
C02 taxation applying to
Norway X the heat market Fossil -
heating phase-out
Reduced energy tax for electricity used for heat pumps for
CO02 tax applying to the |district heat supplies to industry or coocling sold to large IT-
Sweden ’ heat market infrastructure industries (i.e. data centres for the digital
sector or other industries).

Figure 35 (in this figure . (dot) is used in difference to , (comma)) shows the specific
investment costs of IHP according to different literatures. It is shown that the specific
investment costs decrease with the heating capacity of the HP [10].
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Figure 35 Specific investment costs of industrial HP according to different sources; in this
figure . (dot) is used in difference to , (comma) [10]
This thesis uses a conservative specific investment cost of 700 €/kWp including
subsidies, average costs for ancillary equipment, labour associated with the design
and installation, and costs associated with the design and installation.

3.4 Carbon pricing in Europe

In Europe, greenhouse gas pricing distinguishes between industries with very high
greenhouse gas emissions, which are priced directly via certificates, and all other
emitters, which are priced indirectly via taxes for greenhouse gas emissions.

CO:z2 of heavy industries
In 2005, a European Emissions Trading Scheme (EU-ETS) was introduced in the
European Union (EU27), Norway, Iceland and Liechtenstein to implement the Kyoto
international climate change agreement. The United Kingdom introduced its own
national emissions trading scheme after its exclusion from the EU. The EU-ETS
scheme includes > 10,000 plants in the energy sector and energy-intensive industries
(oil refineries, steel mills and production facilities of iron, aluminum, metals, cement,
unslaked lime, glass, ceramics, pulp, paper, cardboard, acids and basic organic
chemicals, air and maritime transport), which are responsible for about 36% of
greenhouse gas emissions in the specified countries. The target is to reduce emissions
by > 55% until 2030 compared to 1990. Since 2012, intra-European aviation has also
been included in the EU-ETS, which is not further referred in this thesis. The EU-ETS
system is based on the "Cap & Trade" system in which emission allowances (COz2 -
certificates in CO2-ev) are distributed or auctioned to the plants. Facilities can redeem
them for released emissions or, if they are not needed, trade them on the market [42].

The allocation of CO2 emissions depends on the current trading period. Between
trading periods, prices are adjusted and regulations are adapted by means of
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amendments. The development of the trading periods is shown in Figure 36. As there
was initially an oversupply of COz2 - certificates on the market, which did not fulfill the
purpose of climate protection, the market stability reserve was introduced. Its purpose
is to regulate the supply and demand of certificates on the market and to ensure a
future shortage. Details on the market stability reserve can be found at the following
link (https://eur-lex.europa.eu/legal
content/DE/TXT/PDF/?uri=CELEX:52014PC0020&from=EN).

The EU is currently in the fourth trading phase, in which significantly fewer allowances
are available than in the previous trading periods, and in which the annual decrease is
greater. According to "Fit for 55", the annual decrease in the cap is to be increased
from 2,2 % to 4,2 % in order to achieve the climate targets. Detailed information on the
fourth trading period are available at https://www.euromines.org/what-we-do/energy-
climate-change/emissions-trading-system-phase-iv-2021-2030. Cap refers to the sum
of all allowances that have always been higher than emissions (exception 2008) and
are redistributed within the different installations through trading. In trading, a facility
that does not need the allowances it has purchased or been awarded can sell them to
other facilities. The link leads to the website of the European Energy Exchange (EEX)
https://www.eex.com/de/maerkte/umweltprodukte/eu-ets-spot-futures-options [42].

Total cap and emissions in the ETS
million tonnes of carbon dioxide equivalents
2. Period 3. Period (EU31 +new

(EU30) sectors) 4. Period
(EU30)
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Figure 36 History of the total cap and the CO...y, emissions in Europe [42]
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The fourth trading period provides allocation of free allowances only to industries that
would otherwise no longer be competitive. The case where industries would relocate
outside the EU due to the CO2 price and thus only postpone their CO2 emissions is
referred to as carbon leakage (industries deemed to be at risk for carbon leakage can
be found following the link https://eur-lex.europa.eu/legal-
content/EN/TXT/PDF/?uri=CELEX:32019D0708&from=EN). Industries with highest
risk of relocating their production outside of the EU receive 100 % of their allocations
for free, while less exposed sectors get a maximum of 30 %. All free allocations will be
reduced beginning with 2026 giving the industries time to adjust. To ensure
competitiveness of European industries energy intensive basic materials and products
imported from outside the EU will be taxed equally to within the EU. This new method
is called Carbon border adjustment mechanism (CBAM) and can be read in more detail
following the link Carbon Border Adjustment Mechanism (CBAM) | Deloitte Germany.
This regulation is currently still in draft status. A list of the European companies with
granted allocations can be found here https://eur-lex.europa.eu/legal-
content/DE/TXT/PDF/?uri=CELEX:32021D0728(01)&from=EN [42], [43], [44].

The falling cap lead to a shortage of COz certificates in the medium term, which is why
their price rise. Current model calculations assume prices between 90 - 130 €/t COz in
2030. The price development of COz2 certificates between 2008 and 2023 is shown in
Figure 37 [43], [44].

100
80
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20
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Figure 37 History of the CO.-certificate prices between 2008 and 2023 in € / ton COx.ey [45]

In terms of corporate emissions, a distinction is made between Scope 1, 2 and 3
emissions, which are shown in Figure 38. Scope 1 emissions are generated in the plant
itself, for example through the conversion of fossil fuels for the generation of thermal
energy. Scope 2 emissions result from the purchase of electricity, thermal energy, or
steam from other plants. Scope 3 emissions arise from the upstream extraction of raw
materials, the supply chain, and any waste disposal [46].
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Understanding Scope 1, 2 and 3 Emissions
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Figure 38 Visualization of Scope 1,2 and 3 Emissions [47]

Companies must cover their Scope 1 emissions with certificates. Scope 2 emissions
are only paid indirectly. For example, if electricity is purchased externally for which CO:2
certificates have been paid, these certificate prices are added to the electricity price
[48]. CO2-ev emissions consider CO2 emissions as well as other greenhouse gases with
GWP > 0. COz-ev emissions of different fuels for the generation of thermal energy using
modern technologies are shown in Table 9. The combustion technology used is
relevant due to the efficiency of different plants. For example, for the generation of 1
kWh of thermal energy using NG 202 gCO2-ev (fgas) need to be considered. The COz-ev
of other fuels, as well as a calculation tool (Excel) for COz2ev emissions for thermal
energy and electricity production can be found in [49]. Further CO2-ev emissions can
be found in [9].

Table 9 CO..., emissions of different fuels according to the generation of 1 kWh of thermal
energy [49], [50]

Fuel Scope 1 Emissions g CO,- Scope 2 & 3 Emissions total Emissions g CO,-
ev/kWh g COZ.ev/kWh ev/kwh
Pellets 0 25 25
Wood chips 1 26 27
Wood? 368
Lignite 369 58 427
Peat 367
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Hard coal 349 52 401
light heating oil 267 51 318
Liquefied natural 260
gas
Natural gas 202 45 247

1) with not-sustainable use without reforestation

CO2 Emissions of other sources

In addition to the EU-ETS system, further mechanism (EU-ETS 2) is introduced to take
account of sectors outside the ETS, such as transport, housing, waste, and agriculture.
Taking Austria as an example, 48 % of the national COz2-ev is emitted in these sectors.
This further mechanism will be determined via the national climate protection law and
the burden sharing ordinance. Currently, the emissions of these sectors are indirectly
priced via taxes. Decisive for the tax burden are the nationally determined COz2 prices
of the different countries. These are shown for European countries (2021) in Figure 39.
The chart also shows the years in which the CO2 tax was introduced. It can be seen
large national differences within the EU [45], [51].

Nationale CO,-Preise in der EU

in Euro pro Tonne CO,

Schweden (1991%) 118,47 €
Finnland (1990%)
Frankreich (2014*)
Irland (2010%)
Niederlande (2021%)
Osterreich (2022%)
Deutschland (2021%)
Danemark (1992%)
Portugal (2015%)

Slowenien (1996*)
Spanien (2014*%)
Lettland (2004%) 1410€

Estland (2000%) ] 1.83¢
Polen (1990%) | 0,09€

0 20 40 60 80 100 120

Figure 39 CO; prices of EU countries in 2021 and the beginning year of CO, taxation [45]

The COz2 price is to be increased annually to give the different sectors time to adjust,
but to create an incentive for savings. Table 10 shows the adjustment of the CO2 price
using Austria as an example [51].
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Table 10 CO, tax trend of Austria, Anm. 1.: for 2023 taxes of 32,5 € where applied [51]

Kalenderjahr Betrag

2022 30 Euro

2023 35 Eurp(Anm. 1)
2024 45 Euro

2025 55 Euro

This indirect pricing is to be gradually converted into an emissions certificate trading
system in Europe by 2027, based on the EU-ETS system [51].

Table 11 shows a comparison between the national CO2 pricing (example for
Germany) and the EU ETS system [45], [51].

Table 11 Comparison between national CO; prices (example Germany) and the EU ETS
System [45], [51]

BEHG EU ETS
Zielgruppe — Alle Anlagen die Treibhausgase — Feuerungsanlagen mit =20 MW
ausstoBen Leistung und Produktionsanlagen
energie-intensiver Branchen
Anzahl der Zertifikate — Unbegrenzt — Begrenzt (1,8 Milliarden fiir 2021)
Ausnahmen — Bereits von EU ETS betroffene — Zertifikatspreissensible Branchen
Anlagen {Carbon Leakage)
- In Wettbewerbsfahigkeit

eingeschrankte Unternehmen

Znitpunicy er Enilighea — Bei Brennstoffbezug - Bei Brennstoffeinsatz / AusstoB

Treibhausgas

3.4.2 Carbon price trend and influence on the power to gas ratio

Figure 40 shows on the top the electricity prices and on the bottom the gas prices of
selected European countries in €/kWh. The prices have three components. Prices
excluding all taxes and fees (blue) is the price of the energy, supply component and
the network component. Value added tax (VAT) and other recoverable taxes and levies
(yellow) includes all recoverable taxes, fees and charges (including VAT). Rest of taxes
includes all taxes, fees, levies and charges (brown) that are declared as non-
recoverable like carbon taxes. The resulting price for non-household consumers are
the sum of all three bars. Countries with higher carbon taxes do have bigger brown
bars at the gas prices. Comparing different countries show, why the power to gas ratio
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is even high or low. For example, Sweden has very low electricity prices, but very high

NG prices [38]. In [38] is an interactive tool for power and gas prices for European
countries and different years, customers, and consumption levels.
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Figure 40 Composition of non-household electricity and gas prices in selected European countries in 2022 [38]
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Figure 41 show the EU-ETS trend between 2023 and 2060 predicted by Energy
Brainpool. According to Brainpool the EU-ETS price will skyrocket between 2028 and
2032 to 125 €/t and then increase decelerating to 177 €/t in 2060 [34].
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Figure 41 Future trend of the EU-ETS price in the Energy Brainpool scenario [34]

Table 12 show predicted trends of ETS prices in different regions based on different
scenarios [37].

Table 12 Carbon price for certificates in selected areas based on different scenarios [37]

USD (2021) per tonne of COy 2030 2040 2050
Stated Policies Scenario

Canada G a2 Fr)

Chile, Calombia i3 1 29

China 28 43 53

European Union an a8 113

Korea 42 &7 29

Announced Pledges Scenario

Advanced economies with net zero emissions pledges® 135 175 200

Emerging market and developing economies with net zero 40 110 160

emissions pledges’

Other emerging market and developing economies - 17 a7

Net Zero Emissions by 2050 Scenario
Advanced economies with net zero emissions pledges 140 205 250

Emerging market and developing economies with

net zero emissions pledges 50 160 20

Other emerging market and developing economiss 25 85 180

Mote: Walues are rounded.
includes all OECD countries except Mexico.

*Includes China, India, Indonesia, Brazil and South Africa.
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Figure 42 also shows the scenario with a constant EU-ETS price of 113 USD/t
considering that carbon capture and storage is economical feasible at that price [2],
[34], [37].

5.0 180
45 160
4.0
3.5
3.0
2.5

2.0
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120

100
80

1.5 =

1.0

CCS and COzin €/kg

H2 price in €/kg

40

0.5 20
—~H,ESF  —=H, ES CO, certificat —=-CCS |
0.0 0
2020 2025 2030 2035 2040 2045 2050

Figure 42 EU-ETS price trend in a hydrogen scenario [2]

This thesis will use an EU-ETS price of 113 €/t (Cco2) assuming that carbon capture
and storage will become technological and economical feasible. Furthermore, with this
assumption the early future with more solid price forecasts is weighted more than more
distant time periods.

3.5 Summary economic parameters

Table 13 shows a summary of the most important parameters of the reference
scenario (gas boiler) and the HP scenario for later economic efficiency calculations
[2], [32], [34], [37], [40Q].

Table 13 Summary of gas boiler and HP parameters for later economic calculations [2], [32],
[34], [37], [40]

Variable Value Unit
Ngas boiler 0,9 -
Chatural gas 0,025 €/kWh
reference scenario | fratral gas 202 g/kWh
Cco2 113 €/t
CAPEXgas boiler 150 €/kW
Celectricity 0,075 €/kKWh
HP scenario COP case depending |-
CAPEXwp 700 €/kW
interest rate [ 3 %
full load hour FLH case depending | h/yr
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3.6 Contracting model

As mentioned before is the industry looking for short payback periods. Because of the
more CAPEX intensive renewable solutions, the industries tendency to switch to
OPEX based energy contracts can be seen [10], [26], [31], [32].

An example for such a OPEX based energy contract is shown in Figure 43. Figure 43
is based on a COP of 4 and depicts the costs for thermal energy as a function of the
FLH and the electricity price. For the further calculations 4000 - 6000 FLH and an
average price for electricity is assumed to be 0 €/MWh (self-production with
photovoltaic cells) to 200 €/ MWh. Therefore, the specific heating costs of the HP result
in 24 — 86 €/MWh. Such contracts usually include more details like heat purchase
commitments, maturities, and others [22].

OPEX SALES MODEL, cost of cost of cost of cost of
indicative prices heat excl. | heatincl. | heatincl. | heat incl.
electricity | electricity | electricity | electricity
electricity price 100 200 300
EUR/MWh | EUR/MWh | EUR/MWh

2500 FLH 58 83 108 133
4.000 FLH 36 61 86 m
6.000 FLH 24 49 74 99
8.000 FLH 18 43 68 93

Indicative costs of HEAT in EUR pro MWh
Costs of implementation are paid by the customer

Figure 43 Exemplary OPEX sales model for thermal energy [22]
3.7 Definition of market potential
In this section it is briefly the difference between different kinds of potentials defined.

In general, it is differentiated between the resource potential, technical potential,
economic potential, and the market potential pictured in Figure 44 [40].
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Resource Technical ' Economic Market

Potential Potential | Potential Potential
* Theoretical + System and * Projected * Reglonal competition
. physical potential  topographic technology costs with other energy
* Energy content  constraints + Available vs. sourees
of resource + Land-use reauired reventue  + Policy implementation
g constraints for energy project and impacts
wSystem * Regulatory limits
performance + Investor response

Figure 44 Different kinds of potential and what they include [40]

The resource potential considers the theoretical potential of a technology with its
physical and technical boundaries. For instance, is it possible that HP can provide
temperatures greater than 200 °C in the future [40].

The technical potential includes all technical feasible solutions in the market no matter
if they are economical feasible or not. That would mean in the HP sector, that any
waste heat source would be utilized by a HP [40].

The economic potential is the share of the of the technical potential that is economical
feasible [40].

The market potential includes future decision and developments of the market, which
can speed up or stop the trend. The market potential is the economic potential
including future changes [40].

In this thesis the economic / market potential is analyzed. The methodology to do so
is to determine the economic potential as fraction of the technical potential. By
incorporating future changes in key economic parameters, the economic potential is
translated into the market potential. These key economic parameters are HP CAPEX,
subsidies, COz2 prices, electricity prices and gas prices, which were analyzed in the
previous chapters [40].

4 Market segments and potential

Thermal energy has become one of humanities basic needs since humans learned to
use fire about 40 000 years ago. Around 40 % of the global final energy demand (~ 10
billion tonnes of oil equivalent (Btoe) = 4,652 * 10* TWh/yr) accounts for the industry
(see Figure 45). 55% of the industries energy demand is thermal energy being
provided by around 75 % with fossil fuels. A significant amount of the needed thermal
energy is below 200 °C. This temperature level is often provided by burning NG
reaching 2 000 °C leading to high exergy losses. To minimize these exergy losses this
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thesis focuses if, where and how HP can provide temperatures up to 200 °C in the
industry [1].

Transport

Glabal Final  Industrial Energy industrial
Energy Demand Demand by Lise H‘ﬂﬁ_‘,ﬂ’h’

Figure 45 The share of the industrial thermal energy demand in the global energy demand
and the primary energy sources, 1 Btoe = 1,163 * 10* TWh [1]
Industry

In this section the potential of IHP in Europe will be outlined. Figure 46 is based on
data of Eurostat, which compares the thermal energy end-use of 33 countries within
Europe. The total amount of thermal energy consumption in Europe are roughly 3000
TWh/yr (7200 PJ/yr). According to Figure 46, 66 % (~2000 TWh/yr) of this thermal
energy is used as process heat. 77 % of the process heat is provided by burning fossil
fuels. In the next step it is differed between temperature levels, industries and how this
energy is currently provided [4].
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Process heating demand - 1952 TWh/a

Biomass

(11 %)
Electricity

Others - fossil
(13 %)

Coal

(20 %)

(o]]]
(8 %)

Gas

(36 %)

Fuel source

Others - RES
(0.4 %)

(3 %)

RIEGCENLY (8 %)

Figure 46 Breakdown of the total thermal energy demand in Europe (RES = renewable
means anno and stands for year [4]

energy sources), “a

Table 14 (in this table . (dot) is used in difference to , (comma)) shows the industries
thermal energy demand at different temperature levels in the EU28+3. In the range of
100 — 200 °C the thermal energy demand is 531,2 TWh/yr. The greatest potential in
this temperature range is in Germany, Italy, UK, France, Finland, Spain, and Sweden

[8], 9], [52].

Table 14 Process and space heat / cooling demand in the EU28+3 countries in TWh/yr; (in
this table . (dot) is used in difference to , (comma)) [8], [9], [52]

PH

PH 100-

PH 200-

PH

Total

PH

PH 100-  PH 200-

PH

Total

i <100°C  200°C 500  >500°C °D  heating Co°ind <100°C 200 500°C  3500°C oM heating Eocling
Austria 33 220 53 %5 134 794 19 Latvia 05 30 10 22 14 82 01
Belgium 71 148 67 424 139 848 45 Lithuania 27 17 06 22 17 | 88 03
Bulgaria 51 35 15 69 54 | 225 10 Luxembourg 01 05 07 39 06 57 01
Croatia 14 29 11 36 13 103 04 Malta 0.0 00 00 00 00 01 0.0
Cyprus 01 0.2 02 09 01 15 0.1 Netherlands 174 211 76 865 149 1276 58
CzechRep. 7.7 13.1 55 303 94 660 23 Norway 05 50 1.1 148 56 270 15
Denmark a1 56 18 43 35 184 12 Poland 154 295 107 620 100 1276 49
Estonia 04 13 04 09 18 45 02 Portugal 40 15.0 25 131 67 414 1.7
Finland 16.1 457 53 156 62 890 22 Romania 40 85 40 331 104 600 14
France 86 385 158 977 468 2073 113 Slovakia 17 40 09 67 61 394 09
Germany 643 92.1 346 2511 583 5003 185 Slovenia 06 22 05 36 17 86 02
Greece Dir 56 20 97 42 242 14 Spain 44 453 145 823 314 1778 99
Hungary as 2 11 93 47 212 08 Sweden 49 496 7.0 154 76 @ 844 15
Iceland 01 0.1 00 15 04 22 03 Switzerland 238 6.1 22 96 20 227 1.0
Ireland 14 45 17 53 39 168 1.0 | United Kingdom 164 610 22.1 663 256 1913 6.6
Italy 279 265 166 1177 477 2364 149 EU2843 2281 5312 1753 10346 3463 23156 98.0

Table 15 shows the EU28 usage of thermal energy in different industries at variable
temperatures. The total thermal energy consumption in the EU28 industry is 1 821
TWh/yr. The currently by IHP addressable temperatures of 80 — 150 °C result in 281
TWhlyr (16 %). 80 TWh/yr of thermal energy are in the range between 150 — 200 °C.
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In specific the industrial sectors iron and steel, chemical, non-metallic minerals, food
and tobacco, and paper, pulp and print have a particularly high demand for the
accounted temperature level of IHP [7], [11], [53]

There is also a broad range of low temperature applications (< 80 °C). The most
common are space heating, general heating uses or district heating [7], [11], [53]

Table 15 Thermal energy consumption at temperature levels in EU28 industry [11]

Heat Consumption (TWh/a) EU-28 Process Heat Consumption (TWhia)
Space heating TR I nd ustrial sector PH 100 to 150 °C PH 150 to 200 °C
Hot water 25| 1% | |Iron and steel ' 19.8 7.3
PH <60 °C | 55| 3% | [Chemical 19.3 15.4
~ |PH601080°C | 53] 3% | [Non ferrous metal 27 1.0
o |PH80to 100 °C L 89| 5% - :
= = Non-metallic minerals 36.5 0.0
«» |PH 100 to 150 °C [ 1192 ]| 1% ]
£ [PH 15010 200 °C 1] 80| 4% | |Food and tobacco 68.0 8.8
2 |PH200 10 500 °C | 151 8% | LPaper. pulp and print 10.0 39.4
PH 500 to 1'000 °C I 376 [ 21% | [Machinery 6.9 29
PH >1'000 °C I 504 28% | |Wood and wood products 0.2 0.7
Total Heat Consumption 1821 | 100% Transport equipment 1.2 02
(TWh/year) Textile and leather 6.9 0.0
Total Process Heat <60 °C 1499 Other 19.1 4.2
to >1'000 °C (TWh/year) Total 191 80
Total Process Heat 90 °C 237 | 16%
to 160 °C (TWh/year) !

The industries as well as the temperature levels coverable by IHP are visualized in
Figure 47. According to [11] 174 TWh/yr of the EU28 process heat demand are
coverable by IHP. 41 % (71,3 TWh/yr) of this thermal energy is in the temperature
range between 80 — 150 °C. Figure 47 shows food and tobacco, chemical and paper
as the most interesting industrial sectors for IHP [11], [40].
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Figure 47 Market potential of IHP in EU28 based on industries and temperature levels [11]

The studies [9] and [52] also investigated the pulp and paper, chemical, food and
beverages and refinery sector as the most promising ones for the use of IHP. They
estimated the IHP suited thermal energy potential among these industries for < 150
°C to ~750 PJ (208 TWh/yr) and < 200 °C to ~1100 PJ (306 TWh/yr). Table 16 shows
the IHP coverable thermal energy demand among these industries. The term
coverable means that in the given industries suitable processes were identifying under
the perspective of the simultaneous availability of suited waste heat [8], [9], [52].

A switch from fossil fuels to HP (< 200 °C applications) in the four mentioned industries
would lead to CO2-ev savings of 146 Mt/yr [4].
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Table 16 Cumulative IHP suited process and waste heat in EU28 in the defined temperature

intervals [9]
<150°C <200°C
Process Heat Waste Heat Process Heat Waste Heat

Qp Qw Qp Qw
Sector (PJ/a) (PJ/a) (PJ/a) (PJ/a)
Paper 228 231 356 231
Chemical 295 320 355 337
Food 130 96 193 a7
Refinery 92 393 219 465
Total (X) 745 1039 1123 1130

Figure 48 shows the cumulative waste and process heat suited for HP < 200 °C
depending on the temperature level of the four named industrial sectors. The heat
pump has the duty to utilize the low temperature waste heat (mainly moist air and
condensate streams) to provide the process heat at higher temperatures [9].
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Figure 48 Cumulative waste (top) and process (bottom) heat below 200 °C in the four

September 2023

investigated sectors in the EU28 [9]



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Seite |53

Because of some technical reasons such as a limitation of the temperature lift of heat
pumps to 100 K or missing waste heat sources just 73 % of the process heat < 150
°C and 57 % < 200 °C can be supplied by industrial heat pumps. The study calculated
that 20 GW are needed to provide the process heat < 150 °C and additional 3 GW to
cover process heat up to 200 °C. According to the study 4 174 heat pump units ranging
from < 0,5 MW to > 30 MW are necessary to provide the suited process heat (641
PJ/a). Detailed information about the relative achievable process heat coverage by
industrial heat pumps can be found in Table 17 (in this table . (dot) is used as decimal
point instead of a , (comma) [9].
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Table 17 Heat pump units per sector and relative process heat coverage; in this table . (dot) is used as decimal point instead of a, (comma) [9]

Heat pump market to 150°C

Cumulative Heating ELI2ZE Heat Pump Heat Pump Process Heat Electricity Heat Pump Relative Process Heat
Capaeclty, Unirs, Coverage, Hequirement, Coverage,
i P Nt LI P T—— | DT O iamriet /O
Sector (GW) (#) (PJ/a) (PJysa) (%4}
Paper b.b Q38 203 Fi- ] B
Chemical a1 1164 252 a4 B4
Food 3.0 1107 23 25 L
Refinery .3 ) q 4 0%
Total (X} 20.0 3229 547 166 T3%
Heal pump market to 2000 C
Cumulative Heating ELIZE Heat Pump Heat Pump Process Heat Electricity Heat Pump Relative Process Heat
Capaclty, Uniiz, Coverage, Hequirement, Coverage,
E YT M ekl LFTyTT— E fiPmaricet L1 YT
ik (GW) (#) (Pisa) (PJra) (%)
Paper Ja 1351 245 U4 B
Chemical 9.1 1291 283 b5 Bl
Fiood 55 1463 98 3l 51%
Refinery s [ 14 L. B%
Total (X} 23.0 4174 B4l 195 57%
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Figure 49 (in this figure . (dot) is used as decimal point instead of a , (comma)) shows
detailed information about the 4 174 calculated heat pump units. On the left side the
operating temperatures and the unit size is visualized. The right side shows the
distribution of the expected coefficient of performance. In general, high heating
capacities do not lead directly to high temperature levels and vicar versa [9].
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Figure 49 Specification of the 4 174 heat pump units in the EU28: (left) by power and
sink/source temperature, (right) by calculated COP; in this figure . (dot) is used as decimal
point instead of a , (comma) [9]

Figure 50 (in this figure . (dot) is used as decimal point instead of a , (comma)) shows
a more detailed visualization of the 4 174 heat pump units. The upper part shows the
number of calculated heat pump units depending on the heating capacity. Around 88
% of the heat pump units are below 10 MW. The bottom show that around half of the
heating capacity can be provided by units smaller than 10 MW and the rest are units

greater than 10 MW [9].
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Figure 50 HP units and relative HP units (top) related to the cumulative heating capacity and
relative heating capacity (% of total cumulative heating capacity) (bottom) depending on the
heating capacity per unit; in this figure . (dot) is used as decimal point instead of a , (comma)

[9]
The needed investment to realize the discussed industrial heat pump market with unit
costs ranging from 200 — 500 €/kW result in 4,5 — 11,5 billion €. The study names these
values as conservative calculations. The investment costs per sector are shown in
Table 18 (in this table . (dot) is used as decimal point instead of a , (comma)) [9].
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Table 18 Needed investment to realize the European IHP market with unit costs between
200 — 500 €/kW; in this table . (dot) is used as decimal point instead of a, (comma) [9]

Sector Cumulative Heating
Capacity, Lower Bound Upper Bound
‘}P . . Investment Investment
) GE GE
(GW) (GE) (GE)
Paper 79 1.58 3.95
Chemical 9.1 1.82 4.55
Food 55 L10 275
Refinery 0.5 0.10 0.25
Total (X} 23.0 4.60 11.50

The key message of [9] is that there are many relatively small units (88 % of total HP
units) providing around 50 % of the heat capacity. To provide solutions for the whole
industries manufacturer should provide small standardize machines in high numbers
and very big, customized machines depending on the needed use case [9].

Also [7] investigated the paper, food and chemical industries as the most promising
ones for HP. Figure 51 shows the 2019, process heat (in PJ) and gas (in bcm = billion
cubic meters) demand of paper, food and chemical industry in Europe. The figure
divides the process heat demand in the three categories HP not feasible, not
replaceable by HP and partly replaceable by HP. The greatest HP potential is in the
paper industry. The highest NG consumer is the chemical industry [53].

bcm
10 20 30

Chemical industry
Food industry - ®

500 1000 1500
Process heat (PJ)
>200 °C Heat pump not feasible <200 °C Part not replaceable by heat pump
W <200 °C Part replaceable by heat pump ® Industry gas demand (top axis)
IEA. CC BY 4.0.

The food and paper industries are prime candidates for deploying industrial heat pumps
on a large scale, helping to reduce energy use, gas demand and emissions

Notes: PJ = petajoules. Europe = European Union and the United Kingdom.

Sources: IEA analysis based on European Commission (2016) and Marina et al. (2021). Feasibility based on
TRLs from Table 1.2.

Figure 51 Industrial gas and process heat demand by temperature level and HP replacement
potential in Europe 2019, 1 bcm = 10 TWh [7]
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Comparing the different studies, one can see that they do not agree on what is
coverable by HP. Variable assumptions and border conditions lead to different results.
The usefulness of integrating an IHP into an industrial process must be examined in
detail in each individual case.

Figure 52 shows exemplary industrial processes different HP technologies can provide
depending on the temperature level. Exemplary applications in the food industry are
steam production for sterilization, concentration, boiling, baking, vaporization, and
pasteurization processes. Furthermore, hot water is used during the bottling process
(washing and sterilization), and the brewing process (mashing, lautering, wort boiling).
But also, in the polyethylenterephthalat (PET) bottle industry process heat between
100 — 150 °C is needed for injection molding of plastic preforms or pellets drying. There
are several drying processes, which need < 150 °C such as starch drying, wood drying,
paper drying, laundry drying, brick drying (air preheating), drying of animal fodder and
others. In the chemical industry steam and hot water is needed for distillation,
concentration, boiling and thermoforming processes. The wood sector needs
temperatures greater than 100 °C for gluing, pressing and drying processes. The textile
industry works in the processes of coloring, washing, and bleaching above 100 °C [7],

Temperature Temperature
Sector Process 20 40 60 80 100 120 140 160 180 200 €] Sector Process 20 40 60 80 100 120 140 160 180 200 [°C]
| |
Dry"?rlg 90 -240 Injection modling 90 - 300
Paper Boiing | 110 - 180 Plastic  Pellets drying 40 - 150
Bleaching | 40 - 150 Preheating 50 - 70
ge-fnklng 4;’0 ’Zgg Mechanical Surface treatment 20 - 120
o — 2 engineering Cleaning 40 -90
Evaporation 40 - 170 - o
Pasteurization 60150 gd‘,’mg— = ;g_ 122
Steriization 100- 140 Texties —od
Bollin 70- 120 Masheg | A0 10
Food & ""_g— Bleachin: 40 - 100,
bevmaans Distiiation 40- 100 Sl -

9% “Blanching 60 - 90 Glueing | | 120- 180
Scakiing 50-90 Pressing 120- 170
Concentration 60 - B0 Drying 40- 150
Tempering 40-80 Wood  Steaming 70 - 100
Smoking 20 - B0 Cocking 80- 90
Destillation 100 - 300 Staining 50 - 80
Compression 110- 170 Pickling 40- 70|

Chemicals Thermufunprng 130 - 160 Hot watgr 20- 110
Con 120 - 140 Several  Preheating 20 - 100
Boili 80-110 sectors  Washing/Cleaning 30- 90
Bioreactions 20-80 Space heating 20- 80

Automotive Resin moiding 70 - 130 Technology Readiness Level (TRL):
Dryin I | eo- 2go conventional HP < 80°C, established in industry
Pk 20100 - commercial available HP 80 - 100°C, key technology

— glec:f;’;:'ﬁng Zgo_ ng prototype status, technology development, HTHP 100 - 140°C

Phosphatin 30-90 - laboratory research, functional models, proof of concept, VHTHP > 140°C
Chromating 20 -80
Purging 40-70

Figure 52 Typical processes in given industries and their temperature level [53]

HP applications without thermal buffer storages are limited by the simultaneous need
for heat demand and waste heat availability. Table 19 shows typical excess heat
streams and their temperature level [54].
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Table 19 Industrial excess heat and their typical temperature levels by [54]

Excess heat source |temperaturlevelin °C
Flue gas 50 - 400
Cooling fluids 20- 45
Compressor cooling 30-70
Washing fluids 30- 60
Cooking processes <100

Power unit cooling <100
injection molding 20- 80

Summarizing the European market potential, it can be said that roughly 3000 TWh/yr
of thermal energy are used in the industry and around 600 TWh/yr are < 200 °C. 200
— 300 TWh/yr are estimated to be suited for IHP due to the availability of suited waste
heat sources. To cover the lower bound of 200 TWh/yr around 23 GW of thermal power
are necessary. Around 50 % of the plants are < 10 MW leading to an economical
potential of 16 428 ecop RHP having each a thermal power of 0,7 MW [4], [8], [9], [11],
[40], [52].

District heating

DH is growing massively all over the world. Most of the thermal energy in DH is
provided by fossil fuels. There are different generations of DH networks, which mainly
vary in their temperature and pressure level as well as the transportation medium.
Figure 53 gives an overview of the different DH generations and their different thermal
energy sources. The integration of HP in DH systems of the third and fourth generation
is useful because of the lower temperature level. Combinations between renewable
energy sources and HP are used in newer DH systems. Some of these combinations
will be outlined in the following chapters [55].

Europe is market leader in the transition to the integration of excess heat and
renewable sources in the DH system. Possible heat sources for a HP integration are
data centers, metro tunnels, waste heat, hydrogen generating electrolyser, sewage
water treatment facilities, nuclear power plants and renewable sources. Examples for
renewable sources are geothermal energy, solar thermal energy, or the burning of
waste [56].
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Figure 53 DH generations with their temperature level and typical thermal energy sources

[59]

The two different ways of integrating a HP into a DH system are shown in Figure 54.
The parallel integration (a) heats the DH return side or parts of it lifting it to the feed
temperature level. The serial integration (b) lifts the temperature of the DH feed (after
another heating plant). In the serial setup exergetic losses occur, if just a part of the
feed is heated due to mixing the streams with different temperatures. The feasibility of
any configuration must be considered on the specific project, mostly depending on

achievable COP and FLH [57].

Low temperature
heat source

a) b)

Heating plant

A

N/

o

Figure 54 Two ways to integrate HP into DH networks a) parallel b) serial [57]
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The target of district heating and cooling (DHC) is to connect 350 million buildings
globally by 2030, providing 20 % of the space heating needs. The total installed DH
EU28+3 capacity in 2021 where around 300 GW. Roughly 43 % of the DH thermal
energy is supplied by renewable and waste heat sources pictured in Figure 55. The
DH sales in 2021 where around 500 TWh/yr [58].

Heat sources for District Heating in Europe

Non-bio
Heat pumps & E- waste
boilers 4.8%
1.9% Waste Other
heat 0.3%
Solsr 2.5% '
0.2%
Geothermal Coal, oil
2.5% and
peat
24.1%
Natural
gas
27.4%
Bio-energy

36%

Figure 55 Heat sources for DH in Europe in 2021 [58]

Figure 56 (in this figure . (dot) is used in difference to , (comma)) shows the production
and capacity of large scale HP in European DHC systems. The current capacity is
around 2,43 GW. The key players are Sweden, Finland, and Denmark. According to
predictions the amount of HP power in European DHC will increase at least by 80 %
until 2030 which corresponds to 2 GW or 2 857 ecop RHP [58].
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Figure 56 Large heat pump stock for DHC in selected European countries and their thermal
energy supply in 2021; in this figure . (dot) is used in difference to , (comma) [58]

Overview investigated areas
In this section the necessity and the justification of the following chapters is clarified.

» Geothermal energy (4.1): Geothermal energy is a renewable energy sources
that opens the possibility to supply thermal energy with a HP if no waste heat
sources are available. The HP can increase the thermal power output of a
geothermal energy well or increase its temperature level.

» Hydrogen Electrolysis (4.2): Green hydrogen will become an important energy
carrier in the European Union towards its path to “net zero emissions”. The
major technology to provide green hydrogen is electrolysis generating a lot of
waste heat. This waste heat can be utilized by an HP and lifted to valuable
temperature levels.

» Solar thermal heat (4.3): Solar thermal energy can provide thermal energy for
industries and DH, but is subject of large seasonal fluctuations. Systems that
can store solar oversupply and make it available at later times typically require
a HP.

» Flue gas utilization (4.4): Flue gas is still one of the major excess heat sources
leaving the plant usually at temperatures greater than 100 °C.

» Steam production (4.5): Much of the European process heat is needed as
process steam. All conventional steam supplies are based on fossil fuels and
need to be replaced by a renewable technology in the future.
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4.1 Geothermal energy

4.1.1 Geothermal energy general

Regardless of the temperature of the ambient air, the temperature inside the earth is
constant. The deeper one enters the earth's surface, the warmer it gets [59]. The
thermal power of the earth's crust comes from the radioactive decay of long-lived
nuclides like 25U, 238U, 232Th and “°K. This geothermal energy can be used by different
technologies. Regarding the thermal energy deposits, a distinction is made between
hydrothermal geothermal systems (hot and usually very salty water in great depths)
and petrothermal systems (warm rock in fracture structures) [59].

About extraction, a distinction is made between open and closed loop systems. Open
hydrothermal systems work through a geothermal doublet. In this system thermal
energy in the form of hot water is pumped to the surface through a producer well. The
thermal energy is extracted from the hot water through a heat exchanger and returned
to the subsurface through an injection well [59], [60]. Closed systems, which are also
often referred to as borehole heat exchangers, are usually designed in the form of
coaxial pipes. A thermal energy transfer fluid is pumped to depth in the outer annulus,
using the surrounding rock as a heat exchanger. The heated-up fluid rises to the
surface in the middle through an insulated riser [60].

In terms of depth, it can be distinguished between:

» Near-surface geothermal energy (depth 20 — 200 m), rock temperature < 25°C

= Medium geothermal energy (depth 800 — 3000 m), rock temperature 40 -
100°C

= Deep geothermal energy (depth >3000 m), rock temperature > 80 °C
The indicated depths and temperatures are to be understood as approximate values.

Figure 57 gives an overview of different geothermal energy systems and their
extraction methods. This thesis focuses on the direct use of hydrothermal sources [60].
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Figure 57 Overview hydrothermal, petrothermal systems; open and closed systems; EGS:
enhanced geothermal system, GSHP: ground source heat pump [61]

4.1.2 Geothermal energy in Europe

The geothermal potential in Europe comprises several gigawatts, whereby the
geographic and topographic distribution varies considerably. Figure 58 visualizes the
geothermal resources in Europe. Europe's largest deposits are in Iceland, France,
Turkey, Germany, Hungary, Italy, and Serbia [62]. Further visualizations of the
geothermal resources in Europe can be found at (https://heatroadmap.eu/petad/).
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Figure 58 Overview of the geothermal sources in Europe, the color indicates the temperature
at different depths [63]

An investigation of the commercially used geothermal wells in Germany has shown a
distribution of the most used temperature ranges in combination with the plant size. A
summary of the findings can be found in Figure 59. The largest plants and the most
utilized geothermal potential are in the temperature range of 120 - 140 °C. Very low
temperature levels 20 - 40 °C are hardly used industrially, while very high temperature
levels > 160 °C are very rare [64].
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Figure 59 Stock of the geothermal plants as a function of the temperature level data based
on [64]
4.1.3 Geothermal applications for heat pumps
The found low temperature level in near-surface geothermal storages is usually used
for space heating. This thesis focuses on temperatures between 40 — 150 °C in depts
greater than 800 m. The major European applications in these temperature levels are
process heat and DH systems [65].

The temperature levels of the commercial used geothermal heat storages in Europe
differ a lot. Figure 60 shows geothermal storages in Europe and their expected
temperature level. Highest temperatures can be found in Italy, Turkey, and Germany
[65].
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Figure 60 temperature levels of the commercialized geothermal areas in Europe [65]

The thermal energy from geothermal deposits can either be used directly or serial in
combination with a heat pump. Figure 61 shows the direct-use (left) and serial concept
(right). For the direct-use the geothermal energy reaches higher temperatures than the
return flow of the DH. In this setup the geothermal energy is transferred via a HEX to
the DH system. Additionally, a parallel installed heat pump can be used to lower the
temperature level of the DH-return flow using it as source to increase the DH-feed
temperature. This setup is used to increase the efficiency of the HEX (increased
temperature difference) and if the geothermal source cannot lift the DH-feed to the
needed temperature level. The serial concept (right side) directly uses the geothermal
energy as source in a HP. The hot sink of the HP is used to heat the DH-feed.
Geothermal energy is used in the same way for process heat in industrial applications
[66].
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Figure 61 District heating concepts for geothermal systems direct (left) serial (right) [66]

On the following pages three use cases how the ecop RHP can be integrated in
geothermal applications are shown.

Increase the geothermal heating capacity (Use case Geo-1)

The use case Geo-1 (Increase the geothermal heating capacity) is exemplary shown
in Figure 62. This setup can be installed as retrofit to existing plants or in new plants
to increase the geothermal capacity or to lift the temperature level of the geothermal
energy. The geothermal energy at a temperature level of 80 °C is used directly to heat
the district heating return flow (55 °C). In this process step, the geothermal water is
cooled down to 60 °C. Next the 60 °C geothermal water is used as a source in an ecop
RHP, cooling it down to 33 °C. At the sink side of the RHP, water with 70 — 115 °C can
be extracted. The hot water can either be used as process heat or to lift the DH feed.
Alternative also the preheated DH feed with 75 °C can be used as HP sink inlet being
lifted to 130 °C for high temperature applications. The given temperatures are only
examples for a integration in a typical DH network [63], [64], [65], [66], [67].
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Figure 62 Doubled use of the geothermal energy based on [67]

The advantage of this application is that more thermal energy can be extracted from
the geothermal reservoir with the same amount of water pumped from the depth. Thus,
the specific pumping costs are reduced. A simulation of the operating data of the ecop
RHP is shown in Figure 63. The direct cooling of the geothermal feed via a heat
exchanger from 80 °C to 60 °C results in a thermal power of 467 kW. The ecop RHP
can further cool the water from 60 °C to 33 °C extracting 617 kW as source energy.
The output of the ecop RHP result in 700 kW thermal power lifting a sink from 55 to 95

°C with a COP of 4,41.

increased by 150 % from 467 kW to 1,167 MW [68].

In this setup the thermal power of the geothermal well is

Input:
Q-5ink-out 700
T-Sink-out 95
T-Sink-in 55
T-Source-in 60 I 55°C H I 95 °C I
V-Saurce 20 Y %
fR\
cop 4,41|- 000G
Electrical Power 159 @
Q-Sink-out 700 [ 4
Q-Source-in 617 I 80 °C i i 33,0°C I
T-Source-out 33,0
V-Sink 15,7|m
Main rotor speed 1641 |U/min

Figure 63 Simulation of the ecop RHP in use case Geo-1 [68]
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Temperature rise of existing / new geothermal sources (Use case Geo-2)
Another application is the supply of high temperatures for industry or old DH system
with heat pumps. If heat pumps should provide high temperatures, reasonable waste
heat sources are necessary. Often no excess heat sources with temperatures around
90 °C are available. In this case geothermal energy is a renewable option for a constant
heat pump source. Figure 64 shows use case Geo-2 where the heat pump is used in
a serial design to lift the temperature of the geothermal well [63], [64], [65], [66], [67].

00C

Depth inm

Production well

- 500

-1.000

- 1.500

- 2.000

- 2.500

- 3.000

Figure 64 Visualization of use case Geo-2 with a serial use of the geothermal energy based
on [67]

A simulation of the ecop RHP in this setup is pictured in Figure 65. The advantage of
the ecop RHP in this configuration is that it creates a high temperature lift (55 K) and
can reach temperatures up to 150 °C. In an exemplary simulation (see Figure 65), the
geothermal water was cooled down from 90 to 53 °C and thus process heat could be
heated from 90 to 140 °C. In some applications, it might me reasonable to switch
another ecop RHP in series (compare Geo-1) using the cooled down geothermal water
with 53 °C as source extracting additional thermal energy for low temperature
applications [68].
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Input:
Q-Sink-out 700|kw
T-Sink-out 140|"C
T-5ink-in 90|°C
T-Source-in 90|°C | s0°c | I 140 °C |
V-Source 14|m3/h T I
T~
Output: \—._.‘j_
cop [ 3,58]- 6”0 6
Electrical Power 1596 | kW @
Q-Sink-out 700 (kW :“':r
Q-Source-in 581 |kw | 90°c | } 53,0 °C |
T-Source-out 53,01°C
W-Sink 12,9|m*/h
Main rotor speed 1965 |U/min

Figure 65 Simulation of the ecop RHP in use case Geo-2 [68]

High temperature swing of low temperature geothermal sources (Use case

Geo-3)
This use case is based on low temperature geothermal sources of 30 — 50 °C. Without
a HP these geothermal sources cannot be used for DH or in industry, beside for space
heating tasks. Such low temperatures can usually be found in depths between 800 —
2000 m having significant lower drilling expenses. Furthermore, old oil wells can be
used in this application reducing the drilling costs to zero. Also, some geothermal
drillings fail or the expected temperature level is not found in reasonable depths. A
describing visualization is shown in Figure 66 [63], [64], [65], [66], [67]-

Supply region
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-1.000

e L R Y

2 % - . oy .
-1.500 . . SRR
- 2,000
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Figure 66 Use case Geo-3 with a direct use of low temperature geothermal energy based on
[67]
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In Figure 67 the ecop RHP has been simulated for an exemplary use case 3 Geo-3

[68].
Input:
Q-Sink-out 700 kw
T-Sink-out 80{°C
T-5ink-in 55(°C
T-Source-in 40|°C I 55 *C I i 80 "C I
V-Source 20|lm3/h r &
AN
Output: n:\""}jp
cop 3,56]- 0 O o
Electrical Power 197 |kw — A\~
Q-Sink-out 700 kW :‘_F:r
Q-Source-in 587 kW I 40 °C I I 14,6 °C |
T-5ource-out 14.6|"C
V-Sink 248Im%*/h
Main rotor speed 1812 |U/min

Figure 67 Example of the ecop RHP in use case Geo-3 [68]

4.1.4 Economic efficiency for the geothermal use cases
According to [69] the average levelized costs of heat (LCOH) for geothermal district
heating (GeoDH) projects are ~ 80 €/ MWh. Using exemplary the ecop contracting
model shown in Figure 43 and the LCOH of 80 €/ MWh for GeoDH systems and the
LCOH of use case Geo-1 result in 46,4 — 83,6 € MWh depending on the FLH and the
electricity price. Therefore, the HP add on can lower the price significantly compared
to the GeoDH without HP. The corresponding calculation is shown in Equation (5),
where 467 kW is the geothermal power without the ecop RHP and 700 kW is the power
added by the RHP. The calculation has been visualized in Figure 68 [63], [64], [65],

[66], [67], [70].

LCOHgep-1=

0,467 MW

= (46,4

MWh 0,467 MW + 0,7 MW

0,7 MW

MWh

MWh

|86

0,467 MW + 0,7 MW

© v

LCOH;e,-, levelized cost of heat for use case Geo-1 in €/ MWh
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Economical Efficiency - use case Geo-1
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* Levelized Cost of Heating (LCOH)
** Assumption of 4 — 6k FLH and 0 - 200 €/MWh electricity price

**weighting of geothermal Costs 467/1147 = 0,4; heat pump Costs 700/1147 = 0,6

Figure 68 Visualization of the levelized costs of heating for use case Geo-1 [70]

Based on the calculation given in Equation (5) the use cases Geo-2 and Geo-3 were
calculated in a very similar way visualized in Figure 69 and Figure 70. Use case Geo-
2 result in significant higher costs, because higher temperatures (up to 150 °C) are
generated. Compared to most other options of delivering temperatures of 150 °C this
setup has very low CO2z-ev emissions [63], [64], [65], [66], [67], [70].
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Figure 69 Visualization of the levelized costs of heating for use case Geo-2 [70]

Use case Geo-3 aims on existing boreholes with geothermal energy of around 40 °C
(unused oil wells) or stopped drilling approaches. Drilling approaches might stop early
if the expected temperature gradients are not found. Around 30 % of all drilling
approaches do not find the expected temperature level. Use case Geo-3 for stopped
drilling approaches can be a better solution than an expensive deconstruction of the
failed borehole. The economic viability is depending on the given case (further
investment costs for Geo-3, reached temperature level, possibility to extract thermal
energy, ...) [71], [72], [73], [74]. The economic calculation of use case Geo-3 in Figure
70 assumes that an extraction of low temperature geothermal energy in a failed
borehole is reasonable and better than a deconstruction. Therefore, the construction
costs of the geothermal well are set to zero.
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Economical Efficiency - Use case Geo-3
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Figure 70 Visualization of the levelized costs of heating for use case Geo-3 [70]

LCOH ~ 24 - 86 € / Mwhyorm

4.1.5 Market potential geothermal systems

The European potential for geothermal energy is huge and growing fast. Figure 71
shows the number of existing and planned geothermal plants in selected European
countries. In France, Germany, and Poland are the most geothermal plants in
development. Currently mostly hydrothermal storages where tapped, but new
technologies such as hot dry rock open the possibility of a better use of petrothermal
storages. Hot dry rock is basically a technology for cracking the rock of petrothermal
storages in depths of 3000 — 5000 m by pumping water with a very high pressure. The
technology is related to fracking technologies [65], [75].
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Figure 71 Number of GeoDH plants in Europe in operation and under development [65]

Figure 72 shows an existing GeoDH project in Neustadt Glewe using the geothermal
feed flow directly to heat the DH return. This project could be extended by the defined
use cases Geo-1-3. Currently the geothermal water is fed back with 50 °C in the
injection well. The thermal power of the GeoDH system can be increased by use case
Geo-1 by further cooling down the geothermal return. Alternative the ecop RHP can
be used for reserve / peak load heating (see point 4 in Figure 72 - use case Geo-2)
[711, [72], [73], [74].
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Figure 72 Existing GeoDH project in Neustadt Glewe (Germany) based on [71], [72], [73],
[74]

This thesis assumes that use case Geo-1 can be implemented to most of the 4,8 GW
installed GeoDH stock in Europe. With the assumption, that it is possible to use the
geothermal return flow with 60 °C of all the European GeoDH stock and cool it down
to 33 °C (use case Geo-1) the economic potential would result in 2,35 GW. Further
assuming that such CO:2-v free heating solutions are subsidized and the FLH are
typical very high all solutions are economical feasible. Therefore, the market potential
is equal to the economic potential. This would result in 3 357 pieces of ecop RHP
having each a power of 700 kW [71], [72], [73], [74]..

According to [74] the total unused potential of geothermal heat with close by DH plants
are 350 TWh with temperatures of > 60 °C in < 2 km depth and 1 428 TWh with
temperatures of > 80 °C in < 2 km depth. The author of [74] estimated that this
European GeoDH potential could result in 30 000 pieces of 18 MW plants (= 540 GW).
Figure 73 gives an idea of how the potential for heat pumps can be derived from the
geothermal potential. Considering the defined use cases Geo-1 to 3 the technical HP
integration potential in geothermal systems result in 378 GW. If just 1 - 2 % of the
technical HP potential is economical feasible the market potential result in 5 400 — 10
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800 pieces of 700 kW ecop RHP. In this calculation the potential of ~40 °C in 1 km
depth or use case Geo-3 is not considered in more detail [71], [72], [73], [74].

Total geothermal potential (Europe) Number of ecop RHP potential
GeoDH* stock 4,8 GWierm,
GeoDH use case 1 stock** 2,35 GWyam. 00Cc 2 350 MW / 0,7+ MW 3357 RHP

GeoDH use case 1 or 3 (60 °C/2 km) 350 TWhyem 006 108 000 MW /0,7 154 285 RHP**

Hid

GeoDH use case 1 or 2 (80 °C/2 km) 1428 TWhierm. 000G 270 000 MW / 0.7 385 714 RHP ++*
30.000 pieces 18 MWom. plants = 540 GW

—

GeoDH use case 3 30% of all drillings fail 00GC | Economic efficiency is depended on given situation**

Z realistic ecop-RHP geo.potential in Europe 5 400-10 800 RHP

* power consumption RHP source side 700 kWy,gm
* Geothermal District Heating (GeoDH) = using old oil wells / drilling mostly not economical efficient

** Usage of GeoDH-return 80°C and low Temp. GeoDH *+* realistic is 1-2 % is economical efficient

Figure 73 Total geothermal technical, economic, and market potential for the integration of a
HP into geothermal systems by using use case Geo-1-3 [71], [72], [73], [74]

4.2 Hydrogen Electrolysis

Green hydrogen will become an important clean energy carrier helping to decarbonize
sectors with high CO2 emissions. Hydrogen is suited as energy carrier, because it has
a high energy density (heating value ~ 120 MW/kg) and existing transport infrastructure
can partly be used. Nowadays approximately 80 % of the hydrogen production is
classified as brown or grey. This means it is produced by fossil fuels. Another possibility
to produce hydrogen is by electrolysis. If the used electricity is from renewable sources,
electrolysis can be declared as green hydrogen source. To make green hydrogen
production economical more feasible, the potential of waste heat recovery of
electrolysis facilities is determined in this section [57], [76].

Figure 74 gives a short overview of the current major electrolyser technologies [76].
This thesis focuses on current state of the art Alkine electrolysis (AEL) and Polymer
exchange membrane (PEM) electrolyser [57]. High temperature electrolysis is a
promising technology with high efficiencies, which is currently under development, but
not included in this thesis.
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Alkaline Electrolysis PEM Electrolysis High temperature

diaphragm gas tight membrane solid oxides
anode cathode anode cathode anode cathode

%0, Q %0, ﬁ %0, {\
= KOH electrolyts B
water water
+ - ¥ = s F S
Electrolyte KOH3 Polymer membrane Ceramic membrane
Circulated medium KOH3 Water Steam
Operational temperature’ 60-90°C RT4-80°C 700 -800°C
Technical maturity! Industrially mature Industrially mature Lab/ demo
Field experience! ® 28
Cold-start capability? B @
Intermittent operation?
Scalability to multi Mega Watt?
Reverse (fuel cell) mode! . .
Source: 1) Fraunhafer, 2) IndWede; 3) KOH: Potassium hydroxide : 4) room temperature ® Existing/ available In development/ limited @ Not possible, not available

Figure 74 Overview of the current state of the art electrolyser technologies [76]

4.2.1 Production of green hydrogen

Electrolysis is an energy intensive process, which happens in an electrolyser powered
by electricity. Electrolysis is the process when liquid water is split into hydrogen (Hz2)
and oxygen (Oz2). The chemical formula is given in Equation (6) [57].

H;04q= H; + 0, (6)
H;0 jiq (liquid) water
H, (gaseous) hydrogen
0, (gaseous) oxygen

Polymer exchange membran electrolyser

A PEM cross section as well as the related chemical reaction equations are shown in
Figure 75. In a PEM electrolyser the anode is located at the water inlet. At the anode
the liquid water is decomposed into ions and oxygen. The oxygen and the not
decomposed water leaves the cell. The ions migrate driven by an electric field through
the membrane to the cathode side, where these ions are reduced to hydrogen. On
both sides of the membrane are porous catalyst layers supporting the chemical
reactions [57].
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Figure 75 Cross section and chemical reaction equations of the PEM electrolyser [57]

PEM electrolyser allow high current densities (> 2 A cm?), cell voltages of 1,6 — 2,0 V
and work at cell temperatures up to 80 °C, while having high efficiencies of 70 — 80 %.
The generated hydrogen is very pure (99,99 %). Another advantage of PEM
electrolyser is their short response time and a very wide dynamic operation range,
which makes them perfectly suited for the use of fluctuating renewable power. Due to
the use of noble metals the challenge is to increase their capacity, while keeping the
production costs of the stacks low [57].

Alkine water electrolysis
The AEL differs from the PEM electrolyser in the liquid alkaline electrolyte instead of
the membrane. The electrolyte transports the negative charged hydroxide ions from
the cathode through the separating diaphragm to the anode. At the anode the
hydroxide ions release electrons forming water and oxygen. The negative charged
electrons return to the cathode, where they are consumed by the hydrogen ions to form
hydrogen. Figure 76 depicts an AEL cell including the chemical equations [57].
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Figure 76 Scheme of a AEL cell and the related chemical reaction equations [57]

The structure of the AEL is easier and the materials are cheaper and more durable,
why AEL facilities are in general cheaper. The cell temperature can be up to 90 °C
reaching efficiencies between 60 — 80 %. The operating pressure in the AEL stack is
lower than in PEM cells, which is why a higher compression for transportation is
needed. AEL cells with higher pressures are under development [57], [77].

Table 20 shows typical specifications of PEM and AEL electrolyser. These typical
specifications are the base for further calculations. The specifications of electrolysers
can vary in a broad band depending on their individual use [57].

Table 20 Typical specifications of a PEM and AEL electrolyser modified by [57], [78]

PEM AEL
current density 1,5 / A/cm?
efficiency 80 80 %
cell temperature 80 / °C
anode pressure 5 7 bar
cathode pressure 30 7 bar
cell area / 2082 cm?
operating current / 200 A
max. DT in stack 5 5 K

4.2.2 Stack-cooling (Use case H2-1)

During the electrolysis more thermal energy is produced by the electrodes than
consumed by the endothermal splitting of water. The generated thermal energy follows
the formula given in Equation (7). The temperature difference within the electrolysis
stack should be kept very small (0 K (isothermal) - 10 K). The small temperature
difference helps to drive the electrolyser in a stationary way. Furthermore, higher
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temperature differences lead to an increase of aging and fouling processes. Hence,
the stack must be continuously cooled. The cooling of the stack is done by small water
flown channels inside the electrolyser. The thermal energy losses of the stack are small
compared to the thermal energy extracted by the cooling circuit [57], [78], [79], [80].

Q.gen= nc (Vcell - th) 7 Acell (7)
Qgen generated thermal power in electrolyser in W
1% number of cells
Veenr cell voltage in V
Vin thermoneutral voltage in V
i current density in A/cm?
Aceur cell surface in cm?

A simplified scheme of the use case H2-1 is shown in Figure 77. The cooling fluids exits
the electrolysis stack with around 79 °C. Usually, the thermal energy is dissipated via
a fan to the environment. In this setup in a HEX the thermal energy is transferred to
the closed-loop source circuit of the HP. In the HEX the stack cooling circuit is cooled
down to 74 °C before it reenters the electrolysis stack. The additional HP source circuit
allow greater temperature spreads than 0 — 10 K, which improves the efficiency of a
HP. The HP utilizes the absorbed thermal energy of the source circuit and uses it to lift
the sink to higher temperatures. The sink of the HP with 90 — 130 °C can be used for
DH or as process heat [57], [79], [81].

0 °C Supply region

<ts0°c ||
— Industrial Use

5 B 4
PEAN

electricity

Sink in
80°C Sink out

Source in A 3 rSoun:e out
74°C 48°C

[ N ] HO0
| | cooling circuit inlet ~ *
74°C

v

cooling circuit outlet 79
°C

PEM
Anode Cathode

Figure 77 Simplified scheme of an electrolysis stack and the cooling circuit including the ecop RHP

modified by [22], [81]
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In an ecop internal simulation tool the ecop RHP as shown in Figure 77 has been
simulated. The result of the ecop RHP simulation is shown in Figure 78. With the given
temperatures an COP of 3,84 can be achieved. A further cooling down of the source
flow is not reasonable, because of the temperature difference within the HEX [68].

Input:
Q-Sink-out 700|kw
T-Sink-out 120|°C
T-Sink-in 80|°C
T-Source-in 74(°C | 80 °C H I 120 °C |
V-Source 20imi/h + g i
il
Output: ] '\-_.:«‘) S
coP 3,84]- o O o
Electrical Power 182 [kw m
Q-Sink-out 700 (kW ‘:‘_’"
Q-5Source-in 592 kW | 74 °C I I 479 °C |
T-Source-out 47,9|°C
V-Sink 15,9|\m*h
Main rotor speed 1842 U/ min

Figure 78 RHP simulation for electrolyser stack cooling use case H»-1 [68]

Figure 79 (in this figure , (comma) are used as thousand-digit-draw) shows the
predicted market share of AEL, PEM and solid oxide electrolyser cell (SOEL)
electrolysers in 2030 and 2040. PEM and SOEL will gain increasingly market shares
by 2040 compared to AEL. The FLH very much depend on the gird integration concept,
but are assumed to be around 3 500 h/yr [82].

Technology data

Full load hours (FLH)

Operating pattern for electrolysis plants over one month

Waste Waste heat Technology
heat temperature share
share ‘
2030 2040 g
a
AEL 20% 70°C 80% 52% &
PEM-EL 25% 70°C 18% 40% i rll
SOEL - - 2% 8% 13 4 6 7 9 101213 15 1618 19 21 22 g 25 27 28 30 31

Alkaline electrolysis (AEL)

* Most mature technology

Polymer electrolyte membrane (PEM-EL)
* Increasing market shares

Solid oxide electrolysis (SOEL)

* No useable waste heat

FLH depending on integration concept
« Grid connected electrolyser
+ Dedicated RES (no grid connection)

Assumed FLH value: 3,500 h

Figure 79 Market share of electrolyser technologies and predicted full load hours; in this
figure , (comma) are used as thousand-digit-draw [82]
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In Lulea (Sweden) a similar project as described above has been planned and is
currently under construction. The concept of Lulea is shown in Figure 80. There, a
combination between renewable energy sources (wind power), Hz electrolysers, DH,
H2 transportation and Methanol synthesis is planned. The methanol synthesis works
as a Power-to-fuel plant as storage unit [57].

Excess heat
ocQoo
A ooo
o
’9”‘\ ‘ CHP plant and district heating
On- and off-shore
wind power
ﬁ — I—ﬂ;ﬂ_,
Power grid Electrolyzer s

Figure 80 Waste heat utilization of an electrolyser reference facility in Sweden [57]

In Lulea an electrolyser capacity of 100 MW is planned. The amount of extractable
thermal energy by stack cooling for either a PEM or AEL is shown in Table 21 (in this
table . (dot) is used in difference to , (comma)). In Table 21 it can be seen, that due to
the lower efficiency of the AEL the waste heat potential is greater than for PEM
electrolyser. Nevertheless, further calculations are focused on the PEM, because the
bigger part of new electrolysis plants will follow this technology [57], [83].
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Table 21 Specifications and waste heat potential of a 100 MW electrolyser (left) PEM or
(right) AEL; in this table . (dot) is used in difference to , (comma) [57]

PEM AEL

Parameters Value Value
Required number of cells 34 530 218 030
Cell voltage [V] 1.93 2.29
Current density [A/cm?] 1.5 200
Cell temperature [°C] 8o 8o
Waste heat temperature [°C] 79 80
Cooling fluid temperature [°C] 74 75
Hydrogen production [kg/hour] 1929 1624
Electrical efficiency [%] 76.7 64.5
Mass flow of cooling fluid [kg/s] 1108 1694
Heat/Electric power ratio 0.23 0.35
Waste heat output from stack [MW] 23.2 35.5
Extracted waste heat from stack [%] 230 35.5
Extracted heat from the stack [MWi,/vyr] 203 060 310 630

Figure 81 shows the integration of the HP for stack cooling in Lulea. In the given
scenario the DH feed / return is depending on the summer or winter period 40 °C / 80
°C or 60 °C /100 - 115 °C. During the summer months (around 50 % of the time) the
heat pump is not used. In this time thermal energy of the electrolyser is transferred via
a HEX to the DH system. In winter the HP operates in a parallel setup to heat the DH

return to the needed temperature [57].

TwhH,outlet = ~79-80°C

Electrolyzer

Tstack = ~80°C

Twh,inlet =~74-75°C

TOH. return — ~40-60°C

421

< I-IE)(>

7
N\

Pump

Tow, supply =>74°C

Figure 81 Cooling circuit and DH connection of the stack cooling in Lulea [57]
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The planned heat pump in Lulea is not specified in detail. It is mentioned that the HP
works with a two staged compressor (for the high temperature lift) and the refrigerant
is R1234ze(Z). Some HP parameters are summarized in Table 22 (related to the
ambient temperature) (in this table . (dot) is used in difference to , (comma)). The COP
given in Table 22, is referred to the ambient temperature and therefore not comparable
with the COP given in the ecop simulations [57].

Table 22 HP specifications of the Lulea project, COP is reffered to the ambient temperature
by; in this table . (dot) is used in difference to , (comma) [57]

PEM AEL
HP parameter Value Value
Thermal waste heat input to HP [MWhy,/vear] 105 690 151 090
Compressor electricity requirement [MWh,/vr] 11 760 16 510
Heat pump output to DH [MWh,;,/year] 116 630 166 470
Peak thermal power [MWy] 20.35 44.7
Maximum COP 16.5 16.7
Average COP 9.9 10.1
Annual operation ratio [%] 52 48.5

Regarding the literature this application is economical feasible. This means that the
LCOH of the cooling system including HP, HEX and auxiliary system are comparable
to other thermal energy sources. The sensitivity analysis of the LCOH for the PEM
electrolyser is shown in Figure 82 (AEL is very similar). The CAPEX is the most
sensitive part followed by the discount rate and electricity price [57].

Sensitivity analysis for PEM solution

Electricity price _—
Discount rate ]
CAPEX - ]
cop [ [

-25% -20% -15% -10% -5% 0% 5% 10% 15% 20% 25%
Change in LCOH [%&)

W 309 W-30%

Figure 82 Sensitivity analysis of the reference scenario cooling system [57]
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The ecop RHP in the more important winter period would have specifications given in
Figure 83. The COP of the ecop RHP in this specific exemplary scenario would result
in 5,97 [68].

Input:
Q-Sink-out 700 kw
T-Sink-out 100|°C
T-Sink-in 60|"C
T-Source-in 741"C | 60 °C { i 100 “C I
\-Source 35|m?/h + 4

Qutput: e

Electrical Power 117 kW @

Q-Sink-out 700 kW r +

Q-Source-in 646 kKW | 74 °C i I 572.7°C I
T-Source-out §7,71°C

V-Sink 15,7|m¥/h

Main rotor speed 1389|U/min

Figure 83 Specification of the ecop RHP for the Lulea DH application [68]

The thermal power for stack-cooling of a 100 MW PEM-electrolysis plant result in 23,2
MW (Table 22). To utilize the whole thermal energy around 39 ecop RHP would be
needed in this facility. The total output of the ecop RHP would result in 613,3 m3h
water with 100 °C (27,37 MW) (based on Figure 83) [70].

4.2.3 Gas drying of hydrogen (Use case H»>-2)

After the production of green hydrogen by electrolysis the hydrogen is fully saturated
with water vapor. To increase the purity of hydrogen and the efficiency of the
compression a two-staged gas drying process, to reduce the amount of gaseous water
in the hydrogen is added. Figure 84 shows the relative humidity of hydrogen in
accordance to the hydrogen pressure and temperature. The values are calculated by
the saturation vapor pressure of water in hydrogen [80]. Depending on the further use
of hydrogen residual moistures between 62 ppm in Pipeline applications and < 5 ppm
in fuel cell applications are needed [80].

September 2023



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

@ Sibliothek,
Your knowledge hub

Seite | 88

5 -

(=]

2 01

Q

-

2 001

P

4=

S 0,001

&

s

& 50001

1 10 100
Druck [ bar
— 20°C —40°C — 80°C — 80°C

Figure 84 Relative humidity of hydrogen depending on the pressure and temperature [80]

In the first drying step hydrogen is cooled down from its production temperature of
around 80 °C to 20 — 40 °C. In this step around 90 % of the water condensates and
can be removed [57].

The second step is based on the absorption of water on molecular sieves or silica gel.
The hydrogen flows through the drying bed and the water is being adsorbed. After the
saturation of the drying bed, the bed must be regenerated. For a continuous operation
this process is executed as a swing adsorption dryer with two absorption beds. In form
of the regeneration process it can be differed between temperature swing adsorption
dryer (TSA) and pressure swing adsorption (PSA). To avoid contamination of the
hydrogen the desorption is done with a part of the dry hydrogen stream [57].

The ecop RHP can be used to utilize the low temperature thermal energy of the first
step of the gas drying process. Figure 85 shows an exemplarily example how this
process could look. The generated saturated hydrogen is cooled down from around 80
°C to 30 °C loosing around 90 % of the absorbed water. The ecop RHP uses the
thermal energy of the drying circuit as source to lift a sink to valuable temperatures. In
the next drying step, the hydrogen is further dehumidified in a PSA or TSA [57].
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Figure 85 Simplified scheme of waste heat recovery of the hydrogen drying process [57], [70]

In this model the hydrogen is cooled down from 80 °C to ~ 30 °C. In the case of a 100
MW electrolysis with a hydrogen mass flow of 1 929 kg/h 400 kW of thermal energy
(calculated by Equation (8)) is released during the first step of the drying process. The
specific heat capacity is simplified as the arithmetic mean between the start and end
state of hydrogen leaving the water vapor unheeded [57].

Pcool, gas a’1y1'11g= CHZ ATHz,cooling mHZ,production

Froo0i, gas drying cooling power for gas drying in kW

Ch, mean specific heat capacity of hydrogen in kJ/(kg K)
ATy, cooting cooling circuit temperature difference in K

My, production mass flow of hydrogen in kg/s

Figure 86 shows the simulation of the ecop RHP for a gas drying use case. The RHP
uses the extracted energy to heat the sink from 80 — 100 °C with a COP of 3,56. In
Figure 86 is a Qsource,in Of 584 kW given, which is greater than the extractable 400 kW
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of a 100 MW electrolysis facility. This leads to the fact, that waste heat utilization of
hydrogen drying is only feasible in electrolysis facilities > 100 MW [68].

Input:
Q-Sink-out 700 kw
T-Sink-out 100|°C
T-Sink-in B0|°C
T-Source-in go|"C I 80 °C i i 100 *C I
V-Source 10|m3/h ; A
AN .
Output: T \J |
coP | 3,56 DO o +
Electrical Power 197 |kw (1)
Q-Sink-out 700 [kw :‘_’:r
Q-Source-in 584[kw [[so7c ] [283°c ]
T-Source-out 28,3|°C
V-Sink 31,3m¥h
Main rotor speed 1851 |U/min

Figure 86 RHP simulation for gas drying use case H»-2 [68]

4.2.4 Hydrogen compression (Use case H>-3)

Hydrogen is a very light gas (density = 0,08375 kg/m? at 20 °C and 1 atm), which is
why it occupies a very large volume. To make hydrogen storable it is either
compressed or liquified. Liquification is due to the cooling down to < -150 °C very
energy intensive and former even more expensive than compression. Hence,
hydrogen is usually compressed to different pressure levels depending on the further
usage [84], [85], [86], [87]. Hydrogen pipelines operate between 50 — 100 bar, while
cavern storages can have a pressure up to 200 bar. Hydrogen refueling stations
usually have hydrogen storages with 750 bars for cars and 350 bar for trucks and
buses.

The compression of hydrogen is an energy intense process and there have been
different types of compressors developed (mechanical, non-mechanical: cryogenic
compression, metal hydride compression, electrochemical compressors, adsorption
compressors) [88]. Mechanical driven compressors are currently the state of the art
and most widely used. Figure 87 shows the needed specific energy consumption to
compress one kg of hydrogen starting from a specific cathode pressure to 100, 200 or
750 bar [80], [89], [90].
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Figure 87 Specific energy consumption for the compression of hydrogen [80]

50

In terms of compression, it needs to be distinguished between an isothermal
compression (temperature changes are steadily balanced) and isentropic compression

(no thermal energy transfer while compression). The isothermal process is less energy
consuming, but technical not feasible. The used compromise to decrease the energy
consumption, while being compact and technically feasible are compressors with

interstage cooling.

Figure 88 shows the compressor work as a function of the compression ratio for an

isothermal, isentropic and intercooled compression process. The isothermal process
needs the least energy. The intercooled process is cooled twice at 5 and 25 bar [80],

[85].
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Figure 88 Specific compressor work for an isothermal, isentropic and intercooled
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To reach very high pressures several compressors are installed in series having
intercooling stages in between. The intercooling stages are heat exchanger, exemplary
cooled by water or other cooling fluids. Such an intercooled compressor arrangement
is shown in Figure 89 [89].

interstage cooler

0N | ~—
\ t /

compressors

Figure 89 Exemplary intercooled compressors in series [85]

The temperature change of a real gas during an isentropic compression as a function
of the compression ratio can be calculated by Equation (9). The gas is characterized
by the compressibility factor and the real isentropic exponent [85].

7 Kpy—1

1 P2 Kpv

Tz = Tl p— (_) 9
Z; \p1 ©)

T; initial temperature in K

T, final temperature in K

Z; compressibility factor

Pz compression ratio

P1

Kpv real isentropic exponent

The compressibility factor and real isentropic exponent as a function of the pressure
and temperature for hydrogen are visualized in Figure 90 [85].
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Figure 90 Compressibility factor (left) and real isentropic exponent (right) of hydrogen as a
function of pressure and temperature [85]

The resulting final temperature of an isentropic compression of hydrogen starting from
10 °C and 50 bar depending on the compression ratio is pictured in Figure 91 [85].

200
-
1 150 | | /
£
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s ’ il
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”
(7] ll/
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“
’f
0 "
1 2 3 4 5

Compression ratio

Figure 91 Resulting temperature of an isentropic compression of hydrogen starting at 10 °C
and 50 bar [85]

The thermal energy of the intercooling stages is usually dissipated by a fan to the
environment. Alternative a HP can be used for cooling down the cooling circuit of the
compressor interstage cooler. The HP uses the cooling circuit as source extracting
thermal energy to lift the sink circuit. Depending on the temperature level the sink can
be used in different matters. The extractable energy of the cooling circuit varies
depending on the end compression pressure and the compressor type [70].

Figure 92 shows a simplified visualization of a single stage compression. The
calculated values are based on a compression from a cathode pressure of 30 bar to
80 bar for pipeline transportation and the hydrogen mass flow of a 100 MW
electrolyser. “Q°waste heat” is the thermal energy produced by the compressor during
the compression in dependence of the compressor efficiency. During the compression
the temperature of hydrogen increases according to Equation (9). “T2” is the end
temperature after the compression to 80 bar. “Q°cool” is the energy that can be
extracted by cooling down the hydrogen from the compression end temperature (“T2")
to the needed storage temperature (“T3s”) [70].
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h2 5861,454 ki/kg
Q"waste heat 667,635 kW m2 0,536 kg/s

T2 155,0 °C

p2 80 bar
hl 3992490 ki/kg | | h3 4040,765 kifkg
ml 0,536 kg/s 1 4 N |3  |m3 0,536 kg/s
T1 28,3 °C T3 30,0 °C
pl 30 bar p3 80 bar
= material flow Yy
= cIEFEY IN Pel 1669088 kw Qcool 975,586 kw
= energy out etael 0,6 [-]

Figure 92 Simplified visualization of energy flows during compression and possible thermal
energy extraction [70]

Table 23 shows a summary for the extractable thermal energy depending on the
cathode pressure, initial temperature (hydrogen temperature after gas drying) and the
storage type (final pressure). If higher end pressures than 80 bar are necessary, more
compressor stages with intercoolers are used. The stages are set to have
approximately equal compression ratios. Between each stage the partly compressed
hydrogen is cooled down to 30 °C. The mean temperature after compression is the
mean temperature of all isentropic compression stages (“T2”). The possible thermal
energy extraction is approximated by the sum of “Q°waste heat” and “Q°cool” (see
Figure 92) [80], [89], [90].

Table 23 Parameters of the different storage facilities and thermal energy generation during

compression *calculated according to Equation (9), parameter estimated by Figure 90 [80],
[89], [90]

hydrogen car
o cavern :
Pipeline refueling
storage .
station

initial pressure: cathode pressure 30 30 30 bar

end pressure 80 200 750 bar

initial temperature 28,3 28,3 28,3 °C

compression stages 1 2 3 pcs.

mean temperatyre after 126* 125* 149* °C
compression

gas temperature after interstage 30 30 30 °C

cooling
thermal energy extraction potential | 1 264,5 2518 4 601 kW
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The extracted thermal energy can be used in the ecop RHP as source to lift the sink
to the desired temperature level. The end temperature of a compressor stage is usually
around 100 - 150 °C and is cooled down to around 30 °C. There are different
possibilities how the thermal energy of the interstage coolers can be used depending
on the temperature level [70].

An example to fully utilize the extracted thermal energy by HP is shown in Figure 93.
HP are set in series to cool down the cooling circuit low enough to reach hydrogen
temperatures of 30 °C. In this case the highest temperature level can be utilized by the
RHP for steam production or other high temperature applications. The lower
temperature level can either be used for process heat or for DH [70].

o _ Process heat,
District heating evaporization

100 °C 80 °C 100 °C 140 °C

COP 3,56 COP 4,63 —@—|

110 °C

interstage cooler

/o~
=

compressors

Figure 93 Integration of the RHP in the interstage cooling of the hydrogen compression [70]

Another possibility is to use the highest temperature level directly and only lift the lower
temperature levels with the RHP. This waste heat utilization could look like [68]:

o temperature level of 110 — 140 °C directly used for process heat or steam
generation

o temperature level of 90 — 110 °C lifted with RHP to 140 °C and used for
process heat or steam production (RHP according to Figure 94, COP 4,63)
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e another RHP in series utilizing the lower temperature level (RHP according to
Figure 86). Cooling down the source to 28 °C and lifting the sink from 80 to
100 °C for DH.

Input:
Q-Sink-out 700 kW
T-5ink-out 140(°C
T-Sink-in 100|°C
T-Source-in 100(°C I 100 °C i I 140 °C |
V-Source 30|m3/h y AR
~D—
Output: “W'::_.I..-f_w_
COP 4,63/ OOO +
Electrical Power 151 kW - A
Q-Sink-out 700 |kwW f 4
Q-Source-in 611 kW I 100 °C I 1 I 81,7 *C |
T-Source-out 81,7|°C
V-Sink 16,1/m3*/h
Main rotor speed 1695 (U/min

Figure 94 RHP for utilization of hydrogen compression waste heat H2-3 [68]

4.2.5 Economic efficiency for the H2 use cases

In all hydrogen use cases the thermal energy is generated anyway and must be
extracted or dissipated. Nowadays and especially in small facilities the extracted
thermal energy is dissipated by a fan to the surrounding. In contrast to that the thermal
energy can be used as source circuit for an HP. The electrolyser and the following
facilities must not be adapted to utilize the waste heat with a HP. Therefore, the LCOH
for the thermal energy exemplary provided by the ecop RHP can be set to be the costs
for the RHP itself. Using the contracting model pictured in Figure 43 the LCOH result
in 24 - 86 €/ MWh depending on the FLH and the electricity price [70].

4.2.6 Market potential green hydrogen

The 2020 electrolysis capacities in Europe was 130 MW divided 60 and 40 % between
AEL and PEM. The highest capacities are in Germany (57 MW), followed by Spain (25
MW), Switzerland (14 MW), Austria (10 MW) and Great Britain (9 MW). Until 2030 the
green hydrogen capacity in Europe is going to increase to 40 - 113 GW. From today’s
perspective is seems like PEM is going to be the major technology for new installations
till 2030. The electrolysis capacities by countries in 2030 is shown in Figure 95 (in this
figure . (dot) are used as thousand-digit-draw). According to Figure 95 Spain,
Netherlands and Germany have the highest electrolysis capacities in development
[83], [91].
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Geplante Erweiterungen der Elektrolysekapazitaten fiir Wasserstoff in ausgewahlten
europdischen Landern von 2022 bis 2030 (in Megawatt)
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Figure 95 Electrolysis capacity extension from 2022 till 2030 in selected countries; in this
figure . (dot) are used as thousand-digit-draw [83]
Figure 96 (in this figure . (dot) is used as thousand-digit-draw) shows the expected
AEL and PEM elctrolysers waste heat potential in EU27+UK and in the rest of the world
in 2030 and 2040. In 2030 and 2040 the EU27+UK waste heat from electrolysers are
expected to be 35 TWh/yr and 250 TWh/yr [91].
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Figure 96 Expected waste heat potential from PEM and AEL electrolysers in the EU27+UK
and the rest of the world in 2030 and 2040; in this figure . (dot) is used as thousand-digit-
draw [91]

Figure 97 (in this figure , (comma) is used as thousand-digit-draw) shows a comparison
between the 2040 electrolyser waste heat potential and DH thermal energy demand in
selected European countries. Across all countries, 64% of DH demand can be met by
waste heat from electrolysers in 2040. According to Figure 97 Germany, Denmark,
Spain, Finland, France, and Netherlands will have the greatest electrolyser capacities.
The explanation of the country shortcuts can be found following the Link
https://www.gesis.org/fileadmin/upload/dienstleistung/daten/soz_indikatoren/eusi/Abb
reviations.pdf#:~:text=CY %20Cyprus%20CZ%20Czech%20Republic%20EE%20Esto
nia%20H,Switzerland%20N%20Norway%20U.S.%20United%20States%20JAP%20J

apan [91].

80,000
70,000 B Waste heat potential 2040
60,000

® Final heat demand supplied by

= 50,000 district heating networks in 2040

= 40,000

©

30,000

10,000
0 -I II - II - I_ m__H -I I- 'I . II | B III —. _II

AT BE BG CY CZ DEDK EE ES FI FRGRHRHU IE IT LT LU LVMTNL PL PT RO SE SI SK UK

Waste heat potential: 64% of projected district heating supply in 2040

Figure 97 Comparison between electrolyser waste heat potential and DH heating demand in
2040 in selected European countries; for a explanation of the country shortcuts follow the
Link Microsoft Word - Country Abbreviations.doc (gesis.org), in this figure . (dot) is used as
thousand-digit-draw [91]
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To utilize the waste heat of 40 - 113 GW electrolysis capacity till 2030 by applying the
use cases Hz2-1 to H2-3 the technical potential of ecop RHP result in 14 864 to 41 991
plants having each a power of 700 kW. The calculations are based on the 100 MW
PEM-electrolyser shown in Figure 98. The biggest potential is in the stack cooling with
13 257 — 37 451 pieces, the potential of gas drying is relatively small with 228 - 645
pieces and the potential of waste heat utilization of hydrogen compression is 1 379 —
3 895 based on a given storage / transport mix shown in Figure 98. The calculations
are based on the extractable thermal energy per use case and the needed ecop RHP
to utilize the thermal energy. Assuming that a HP implementation is technical and
economical feasible in most cases the market potential equals the technical potential
and is between 14 864 and 41 991 ecop RHP pieces [70].

ecop RHP hydrogen waste heat utilization potential in Europe

predicted electrolysis capacity in 0 113 W
Europe 2030

stack cooling 13 257 37451 pcs.
hydrogen drying 228 645 pcs. compression Pipeline (80 bar) 2042 pcs. 50 % 8 =
[0
hydrogen compression 1379 3895 pcs. compression cavern (200 bar) 4065 pcs. 25 % é @
ion hyd fueli e
sum ecop RHP Europe 14 864 41991 pcs. compression nydogen refueling 7429 pcs. 25 % 2.2
PKW (750 bar) ° =

Figure 98 Potential of ecop RHP for the waste heat utilization of green hydrogen production
[70]

4.3 Solar thermal energy

With solar energy, a distinction must be made between energy as electricity and as

thermal energy. Photovoltaic (PV) cells are used to generate electricity with solar

radiation. A combination between HP and PV is reasonable in most cases, because

the generated electricity can directly be used to power the HP. To analyze the feasibility

of the combination between HP and solar thermal energy (STE) is the aim of this

section [92].

The first question is if HP, and STE are competitors or teammates. According to
research for this thesis a combination of both systems is reasonable, because it
increases the efficiency of the overall system, while it gives the operator more flexibility
and redundancy for the energy supply [93].

This section focuses on solar thermal district heating applications (SDH) and the
combination of STE, HP, and thermal energy storages (TES) for industries. In this
thesis it will not be looked deeper in the different kinds of STE applications, nor in
different kinds of storage technologies. In general, it can be said that in Europe flat
plate collectors (FPC) are mostly used. Evacuated tube collectors (ETC) are more
efficient in the upper temperature level (~ 80 °C). Parabolic through collectors (PTC)
reach higher temperatures but are more expensive. Standard FPC reach temperatures
of 40 — 60 °C, modified FPC and ETC 80 — 100 °C and PTC 70 — 150 °C. Also,
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combinations between different collector types can be used to provide different
temperature levels [3]. Usually, a factor of 0,7 kW/m? is used for FPC (thermal
power/collector aperture area) to convert collector area to nominal power [94]

In this section the HP will be modeled as an ecop RHP, because of the advantages
below. The opportunity of the RHP to flexible adjust the source temperature, while
having high COP offers a great advantage in the combination with STE and TES. The
adaptability in the sink and source flow offers the prospect to cool down the source
sharply to increase the efficiency of the STE system. In the winter arise small STE
fractions and low TES temperatures. Nevertheless, provides the RHP due to the
temperature lift of up to 55 K also in this case reasonable supply temperatures [22],
[95].

There are two major ways how STE, HP and TES can be combined (parallel and
serial). The parallel setup is with 61 % the more common one, while 6% are serial
applications and 33 % are combinations of both types [96].

A parallel setup is shown in Figure 99. In parallel applications both, STE and the HP
feed the TES with thermal energy. Depending on their temperature level they might
feed the TES at different heights (temperature stratification) [97]. The integration of a
HP offers the possibility to use cheap electricity during the night or during renewable
overproduction and save it as thermal energy in the TES (Power-to-heat) [3]. The TES
is used to cover the thermal energy demand [97].

charge _discharge integraiion: conventional process
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Figure 99 Parallel combination of STE, HP, and TES [97]

In the literature the parallel concept is exemplary used in the chemical industry. STE
and HP charge a TES, which cover a washing water demand with 60 — 75 °C. The HP
uses low-pressure steam of the evaporation plant with around 35 °C as source. The
HP extract thermal energy from the low-pressure steam to lift the TES to the needed
temperature level for the washing application [97].

A setup of a serial combination is shown in Figure 100. In the serial combination either
the STE (b) or the HP (a and c) is used to reheat the feed for the end consumer.
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Respectively the other one is used to charge the TES. If the HP is used for end heating
the source can either be any kind of waste heat (a), environmental thermal energy
(exemplary ground or air source - a) or the TES feedback (c) [97]. The translation of
the descriptions in Figure 100 to English are shown in Figure 99.
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Figure 100 Serlal comblnatlon of STE, HP and TES; a) top: preheating STE and HP reheat

(source for HP waste heat or environment); b) middle: preheating HP and STE reheat
(source for HP waste heat or environment); c) bottom: preheating STE and HP reheat
(source for HP is the TES return flow) [97]

A possible use case in the literature for the serial application (a) is the supply of hot
dry air with 80 — 160 °C for drying applications in an industrial laundry. The STE with
up to 40 °C is used to charge the TES. The HP using the moist exhaust air from the
drying process as source, to reheat the fluid from the TES. The reheated fluid is used
to heat the dry air for drying applications. If necessary, an additional (re-)heater can be
ordered [97].

Another serial application for (a), (b) or (c) is the heating and cooling of electroplating
baths in the metalworking industry. Electroplating baths needed to be heated up to
around 90 °C. In the case of (a) the STE would charge the TES and the HP would lift
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the TES temperature to the needed level. In the case of (b) and (c) the cooling down
electroplating bath can be used as source for the HP to feed thermal energy in the TES
or provide thermal energy for other processes [97].

TES are needed because the thermal energy supply of renewable sources is often
shifted to its demand. For example, in Europe is the thermal energy demand in winter
on average 10 times larger than in summer. For STE the greatest thermal energy
supply is during the summer months. Therefore, arises the need of long-term seasonal
storages. Short-term buffer storages are necessary for daily fluctuations of the thermal
energy demand and supply. Figure 101 shows the solar contribution for heating in
accordance with the storage availability. The integration of a TES increases the solar
fraction (SF) for heating. The SF is 5 — 20 % with shrot term TES and 30 — 60 % with
seasonal TES [98].

HEAT
JER AMD
' 30 - 50 SOLAR FRACTION
WITH SEASHHAL HEAT STORAGE
5 - 20% SOLAR FRACTION - SEASUNAL
WITH SHORT TERM HEAT STORAGE HEAT STORAGE
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Figure 101 Solar contribution for heating in accordance with the storage availability [98]

Figure 102 shows the four most common long-term sensible TES. Pit thermal energy
storages (PTES) are the simplest, cheapest, and have almost no limitation in the size,
but consume a large area to build. PTES are the most widely used seasonal TES.
Aquifer thermal energy storages need natural aquifers to be realized [99].
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Tank thermal energy storage (TTES) Pit thermal energy storage (PTES)
(60 to 80 kWh/m?) (60 to B0 kWhim?*)

Borehole thermal energy storage (BTES)  Aquifer thermal energy storage (ATES)
{15 to 30 kWh/m?) {30 to 40 KWh/m?)

7 =T

)
|
|

‘ -

Figure 102 Types of sensible thermal energy long-term storages [99]

4.3.1 Solar district heating (Use case Solar-1)

A concept for cities, towns, and villages to increase the share of solar thermal energy
for space heating, domestic hot water (DHW) and industries is solar district heating
(SDH). SDH uses solar thermal collectors to capture STE, which is stored in a TES
and lifted by a HP to cover the heating demand and to provide the needed temperature
level. Furthermore, the additional integration of HP in a SDH systems enable [100]:

e The possibility to reduce the storage temperature, leading to lower thermal
losses and higher STE efficiencies.

e The storage capacity increases by the possibility to reach higher temperatures
with the HP.

e The possibility to integrate volatile energy sources (sector-coupling: Power-to-
heat options).

SDH accounts for around 88% of the total installed and operating capacity of large-
scale STE. Solar process heat (described in 4.3.2) in the industry makes up around 12
% and is currently most used in the mining, textile, and food industry. A STE plant is
defined as large-scale if the collector aperture area surpasses 500 m? or 350 kW
nominal thermal output [3].

Figure 103 shows an exemplary integration of a HP in a SDH system. In this case the
HP heats a buffer storage, to avoid back-mixing and disturbance of the stratification in
the large-scale TES. The HP uses the large TES as source and supply a small daily
buffer storage to cover the daily heating demand. The additional buffer storage is
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optional and lead to higher investment costs and higher thermal losses, but a more
efficient operation [100].

| Buffer
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Figure 103 Typical integration of a HP in a SDH system [100]

Figure 104 shows a combination between a DH network and several renewable
thermal energy sources. There are two different kinds of STE collectors providing
different temperature levels for either a direct use or charging the seasonal thermal
storage. HP are used to lift the temperature of the seasonal storage to the needed
temperature level of the consumer or to charge the storage using excess heat. A
biomass boiler is available to cover peak loads or very high temperature levels. The
ecop RHP could substitute the biomass boiler in facts of providing high temperatures
of up to 150 °C, while also handling the other HP tasks [101].

y .
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Figure 104 Possible set up of a SDH system with several renewable energy sources [101]

The goal of a SDH system is to minimize the LCOH, while maximizing the renewable
energy fraction. To do so, the solar yield must be maximized, while keeping the
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investment, operation, and maintenance costs low. To achieve this the major hurdles
of SDH systems are [3], [94], [101]:

e High capital expenditures (CAPEX)

e High complexity of the system

e Missing system certifications

e Heating supply and demand are staggered

e High space requirement for the collectors close to the demand
e Most existing DH systems require high network temperatures

The effect of the SDH feed and return flow temperature on the solar yield is shown in
Figure 105. A reduction of both the feed and the return flow temperature result in higher
solar yields. For example, a reduction of 2 K (57 °C — 55 °C) of the return flow offers
an 2,8 % increase of the solar yield. Respectively a reduction of 10 K (57 — 47 °C = 4t
Generation DH network) provide an 10 % increase of the solar yield [102].

14% Sensitivity analysis — network temperatures
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Figure 105 Sensitivity analysis of the SDH feed and return flow temperature on the solar
yield [102]
SDH use-case Dronninglund

A best practice example for a SDH system is the Danish city Dronninglund. The SDH
system in Dronninglund consists of a combination between FPC, PTES, peak load
boilers and a HP. Specifications of this SDH network can be found in Table 24 (in this
table . (dot) is used in difference to , (comma)). In Dronninglund 1 350 consumers are
supplied by the SDH network. The solar fraction of the 35 726 MWh/yr (SDH heating
demand in 2018) was 52 %. The STE was provided by FPC with an aperture area of
37 573 m2. The feed and return temperature are 75 and 40 °C. Two storages are used
to maximize the SF [3].
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Table 24 Specifications of the SDH system in Dronninglund; in this table . (dot) is used in

difference to , (comma) [3]

Plant Dronninglund SDH (DK)
Latitude [deg] 57.2 N

Longitude [deg] 10.3E

Global irradiance (TRY)  [kWh/m’/y] 1030

Operation start [yl 2014

Life time [¥] 30

Application

Type SH, DHW

Supply/return temperature of connected

(district) heating network  ['C] 75/40

Collector array

Collector type

Aperture area [m]
Slope (inclination) [deg]
Orientation [deg]
Land area [m?]
Storage

Diurnal heat storage (size, type)
Seasonal heat storage (size, type)

Additional heat sources

Type, capacity

Performance

Measurement period

Irradiance collector plane  [kWh/m"/y]
Heat demand [MWh/y]
Solar yield [kWh/m® /y]
Solar fraction [%a]
Utilization ratio %]

FPC (glass and foil)
37.573

35

180 (south)
130,000

865 m” steel
62,000 m* pit

CHP natural gas (6.4 MWth)

2 bio-oil boilers (15 MW)

natural gas boiler (8 MW)
absorption heat pump (4.7 MWth)

2018
1,244
35,726
493
52%
40%

A simplified visualization of the SDH network in Dronninglund is shownn in Figure 106.
The output temperature of the FPC is between 40 °C (winter) and 90 °C (summer).
During the summer, if the solar output exceeds the thermal energy demand the surplus
STE is used to charge the 62 000 m® PTES to a maximum temperature of 90 °C (see
Figure 107). In autumn hot water from the PTES is used to cover the heating demand
of the SDH network. The cooled down return flow with around 40 °C reenters the PTES
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at the bottom. If the PTES temperature is below the required DH feed temperature the
absorption HP with superheated hot water (160 °C) from the bio-oil boiler is used to lift
the temperature level. In this combination the PTES can be cooled down to 10 °C. If
the PTES is fully discharged the thermal energy is supplied by another bio-oil boiler, a
natural gas boiler and natural gas CHP boiler [3].

bio oil |——F z|7
boiler @ Tﬁﬂ ) o e o) supply side ! demand side

5 MW |
' @ @?5 G
absorp- Bio o | [natural gas| (4 natural
" ' 1 tion boiler boiler ||gas CHP| :
fbg?\ ~ | heat 10 MW 8 MW | |4x1.6 MW| | DH
& B pump i 1 netwark
P O v O O O |
&M | I I ! |
O - . T Tancc
seasonal thermal '

energy storage
62 000 m*

Figure 106 Simplified layout of the SDH network in Dronninglund, pumps indicate the flow

direction [3]
_C 6000
; solar yield =——heat demand
= 5000
£
o 4000
Q
> 3000
—
L
o 2000
n
i) 1000
o
-
© 1]
% Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Months over the year

Figure 107 Thermal energy demand and solar yield over the year in the Dronninglund-SDH
[3]
The absorption HP can be substituted by the ecop RHP. In this case the bio-oil boiler
with 5 MW is not necessary, reducing the CAPEX. The RHP allows a further cooling
down (< 5 °C) of the PTES offering a larger storage capacity and a higher efficiency of
the FPC. An exemplary operating point of the ecop RHP is shown in Figure 108 [68],
[70].
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Input:
Q-Sink-out 700(kw
T-Sink-out 75]°C
T-Sink-in 401°C
T-Source-in 40§°c 40 °C I 75°C I
V-Source 15im¥/h v A
(N
Output: e
cop | 3,72]- Oob
Electrical Power 188 [kw m
Q-Sink-out 700 kW ;—‘“
Q-Source-in 600 |kw @ E
T-Source-out 5,31°C
V-Sink 17,7|m%/h
Main rotor speed 1739|U/min

Figure 108 ecop RHP for Dronninglund [68]

Figure 109 shows the large-scale FPC system and the TES in Dronninglund. The
specific costs of the collectors are 389 €/m? (per aperture collector area). The LCOH
of the system before subsidies are 50 €/ MWh [3].

Figure 109 FPC arrays (left) and PTES (right) in Dronninglund [3]

Most European DH systems have supply temperatures greater than Dronninglund.
Conventional HP usually cannot generate temperatures greater than 90 °C, what
implicates the need for fossil, biomass, or electric based reheating. The ecop RHP
offers the possibility to also provide high DH feed temperatures, while cooling down
the source significantly. An exemplary simulation of the ecop RHP for this operating
point is shown in Figure 110 [3], [68].
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Input:
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T-Sink-out 115|'C
T-Sink-in BO|"C
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cop 3,16}
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Q-Sink-out 700 kW
Q-Source-in 565 kW | 75 E
T-Source-out 25.1)°C
V-Sink 18,1lm%/h
Main rotor speed 2032 |U/min

i 251."C I

Figure 110 ecop RHP for providing high temperatures for conventional DH networks [68]

To achieve higher COP a serial configuration of RHP can also be realized showed in
Figure 111 and Figure 112. In this case the source is cooled down in two steps. Both
RHP can provide the same sink temperature. By adding another RHP the source can

be cooled down further [70].
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Input:
Q-Sink-out 700 kw
T-Sink-out 115|°C
T-Sink-in 70§°C
T-5ource-in 75(°C I 70 *C H
V-Source 40|m¥*'h
Output:
COP 4,70}
Electrical Power 1491 kw
Q-5ink-out 700 kw
Q-Source-in 618 | kw I 75 °C I
T-Source-out 61,4{°C
V-Sink 14,11m3/h
Main rotor speed 1628 |U/min

i 61,4 °C I

Figure 111 1/2 ecop RHP switch in series for providing high temperatures for conventional
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Input:
Q-Sink-out 700 kW
T-Sink-out 115|°C
T-Sink-in 70|'C
T-Source-in 611°C | 70 °C { i 115:"C I
V-Source 40im*/h Y *
{1~
Output: + H:\-/;__y :
cop 3,72]- 0
Electrical Power 188 kW |—® T
Q-Sink-out 700 (kW ;“_';r
Q-Source-in S88kw I 61 °C E i 48,1 *C I
T-Source-out 48,11°C
V-Sink 14,1im*h
Main rotor speed 1852 |U/min

Figure 112 2/2 ecop RHP switch in series for providing high temperatures for conventional
DH networks with high COP [68]
Local solar heating network

A feasibility study of a small SDH system is outlined in this section. The data is based
on a “BAFA-Machbarkeitsstudie” on the topic “Warmenetzsysteme 4.0” (DH-networks
4.0). In this study Stadtwerke Aachen AG in cooperation with EEB Enerko
Energiewirtschaftliche Beratung GmbH investigate, if a SDH system is technical and
economical feasible based on the given situation on site. The exemplary project has in
the first stage of development a thermal energy demand of 4,3 GWh/yr and a peak
load of 3,3 MW. It is assumed that until 2034 the thermal energy demand will rise to
5,94 GWh/yr and a peak load of 5 MW. The DH network has a feed temperature of 70
°C and areturn of 40 °C. The system is a combination between solar thermal collectors,
a RHP, heat exchanger, a PTES, and a daily buffer storage [103].

The planned operation is described by some simplified process visualization. In the
visualization the red lines show the DH feed and blue lines the DH return flow. Gray
lines are in the current operating status unused. Figure 113 and Figure 114 show
typical summer operations where STE is directly used to cover the heating demands
of the SDH network and the overproduction is used to charge the buffer storage and
the PTES [104].
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heat demand
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ecop RHP daily buffer
— ¥ 4= // g storage
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Figure 113 Simplified visualization of the thermal energy supply in a typical summer
operation: direct solar usage and charging of daily buffer storage [104]

=

=

Figure 114 Simplified visualization of the thermal energy supply in a typical summer
operation: direct solar usage and charging of PTES [104]

Figure 115 shows a typical operation in autumn, when the PTES is fully charged and
the PTES temperature exceeds the DH feed. In this case the thermal energy can be
transferred directly via a HEX from the PTES to the DH system [104].
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Figure 115 Simplified visualization of the thermal energy supply in a typical autumn
operation: discharging PTES directly via HEX into DH network [104]
If the PTES temperatures drops below the DH feed, the RHP is used to lift the
temperature level. First the PTES is used to preheat the DH return flow and afterwards
the remaining thermal energy of the PTES flow is used as source for the RHP. The
RHP lifts the preheated DH return flow to the needed DH feed temperature. This
situation is shown in Figure 116 [104].

| === ——

o= o k1 >

\ 2 =

Figure 116 Simplified visualization of the thermal energy supply in a typical autumn
operation: using PTES via HEX for DH return preheating and afterwards as source for RHP,
RHP does the end heating of the DH feed [104]
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Another operation mode is, if the PTES is already partly discharged and the
temperature level is below the DH return flow. In this case the PTES is used as source
for the RHP to lift the DH return flow to the needed feed temperature level. A schema
for this case is shown in Figure 117 [104].

Figure 117 Simplified visualization of the thermal energy supply in a typical winter operation:
using PTES as source for RHP, RHP is used for lifting the DH return flow [104]

If the PTES is fully discharged the RHP can use the STE of sunny winter days directly

as source pictured in Figure 118. The RHP is used to lift the DH return flow to the

needed DH feed temperature [104].

Figure 118 Simplified visualization of the thermal energy supply in a typical winter operation:
using STE as source for RHP, RHP is used for heating the DH return flow [104]
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Figure 119 shows an COP simulation of the operation pictured in Figure 116. The
maximal temperature of the PTES is limited to 70 °C due to material durability. The
PTES feed with 70 °C is used in the HEX to preheat the DH return from 40 to 52 °C.
In the HEX the PTES feed is cooled down to 50 °. Afterwards the RHP uses the 50 °C
PTES stream as source cooling it down to 10 °C. The ecop RHP is used for end heating
from 52 °C to the DH feed temperature of 80 °C. The ecop RHP in this use case
reaches a COP of 3,67 [68], [70].

PTES-In:
10,1 °C

PTES-top:
70°C

PTES-hottom:
<10°C

Sink-Out = DH-Feed:

80°C

RHP1

Source-In:

STO1

HEX1

0

Sink-in:
52°C

DH-Return:
40°C

Valve/Pump

0... closed / off
1...open/on

Input:
Q-Sink-out 700{kwW
T-Sink-out 80|°C
T-Sink-in s21°C
T-Source-in 50|°C
V-Source 13|\m*h

Cutput:
COP 3,67]-
Electrical Power 191 kw
Q-Sink-out 700(kW
Q-Source-in 596 [kw
T-Source-out 101)°C
V-5ink 22,1|m*h
Main rotor speed 1777|U/min

| 52°C i

|—m—!

i 80 °C |

)

FOTATION HEAT PUME

O
C
@)

)

-
g

(

| 50 °C i

i 10,1 °C |

Figure 119 Simplified visualization of the thermal energy supply using PTES via HEX for DH
return preheating and afterwards as source for RHP for DH end heating (top); Specifications
of the ecop RHP in this operation point (bottom) [68], [70]
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Figure 120 shows an COP simulation of the operation pictured in Figure 117. The
PTES in this case is already partly discharged and has a temperature of 45 °C. The
HEX cannot be used for preheating, because of the low PTES temperature. Therefore,
the PTES flow is directly used as RHP source being cooled down to 7,6 °C before
reentering the storages at the bottom. The ecop RHP is used for lifting the DH return
from 40 to 80 °C. The ecop RHP in this use case reaches a COP of 3,77 [68], [70].

Sink-Out = DH-Feed:
B0°C

1 0
Sink-in:
Y A 40 °C
s
/ OOQC 4|rHP
=)
F 3
sourcedn: «X X-
Source-Out: 45°C
7.6°C
0 0
1
1 DH-Return:
01 7~ 40°C
Source-In: —>d W/
45 °C HEX1
PTES-top: =
45°C : Valve/Pump
STO1
PTES-bottom: 2 ciosee;l | off
0°C i ...open/on
Eingabedaten:
Q-Senke-ab-SOLL 700 {kw
T-Senke-Austritt 80|"C
T-Senke-Eintritt 401°C
T-Quelle-Eintritt 45(°C I 40 °C H i 80 °C I
V-Quelle 14im?/h | T §
rR\

Ausgabedaten: N :
- 00C
P-Elektrisch-Gesamt 186 [kW D
Q-5Senke-ab 700 [kw R ;

Q-Quelle-zu 603 [kw I 45 °C I I 7,6 °C I
T-Quelle-Austritt 7.6]°C

V-Senke 15,5im%/h

Hauptrotordrehzahl 1734 |U/min

Figure 120 Simplified visualization of the thermal energy supply using PTES as source for
RHP to lift the temperature of the DH feed; Specifications of the ecop RHP in this operation
point (bottom) [68], [70]
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The great advantages of the RHP in this case are [70]:

e The DH return flow can be lifted to the needed feed temperature with a single
HP stage

e The cooling down of the storage temperature from 45 to below 10 °C is
achievable in one stage

e Easy hydraulics and control of the RHP due to parallel setup
e Very broad control area (partial load) of the RHP, while having good COP

4.3.2 Solar heat for industrial processes (Use case Solar-2)

In this section a combination between STE, HP and TES for an industrial use is
presented. These systems are called SHIP (solar heat for industrial processes) in the
literature. This use-case is based on an existing insulation manufacturer. SHIP
systems are similar to SDH systems, but the seasonal PTES is often substituted by
small-scale tank storages (daily or weekly buffer storages) and the temperature level
is higher [70].

In the industry the generation of saturated steam is often required. Figure 121 shows
a possible renewable set up for the generation of saturated steam with 120 °C from a
10 °C freshwater feed. The set up consists of a HEX, a steam generator, two tank
storages, STE and an RHP. The plant release waste heat with around 40 °C, which is
used together with the low temperature storage for preheating the fresh water from 10
to 30 °C. In the next step the freshwater is heated via a HEX with hot water from the
high temperature storage to 85 °C. In the following step the water is reheated by the
RHP sink to > 100 °C. Afterwards the hot water enters a steam generator where it is
converted into saturated steam. In this setup two RHP are set in series, while one
provides high temperatures for the steam generator. The second serial RHP ensures
a constant source temperature of the steam generating RHP by compensating the
fluctuating / decreasing storage temperatures. The source providing RHP uses the
buffer storages as source. The STE is used to charge the storages. The STE charges
prioritized the LT storage due to higher efficiencies. During the night the RHP can be
used to charge the HT-storage using excess heat from cooling down the process or
the LT-storage as source [70].
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Figure 121 Set up for the generation of saturated steam with a RHP and STE combination,

max. stands for maximum [70]
To transform 1 t/h fresh water with 10 °C to saturated steam with 120 °C 741 kW
thermal power is needed. The setup was dimensioned to provide this thermal energy
for 16 h from 6 AM to 10 PM. It is assumed that the buffer storages are at the beginning
of the day fully charged. The solar collectors are dimensioned that during a weekend
with average solar irradiance enough thermal energy can be provided to fully charge
the storages. The dimensions of the system components for the renewable set up are
shown in Table 25 [70].

Table 25 Set up for renewable thermal energy supply [70]

thermal power demand for 1 t/h
10 °C fresh water to 120 °C
saturated steam 741 | kKW
LT-temperature storage capacity 55| m3
HT-temperature storage capacity 45| m?3
installed Solar peak power 750 | kW
installed ecop RHP (700 kW) 2 | piece

Figure 122 shows a simulation of the ecop RHP providing the HT-level for reheating
and steam generation. The RHP reaches a COP of ~ 4 in this setup [70].
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Input:
Q-Sink-out 700{kW
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T-Sink-in 100|°C
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M
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Figure 122 Simulation results of the ecop RHP for reheating and vaporization — use case
Solar-2 [68]

Figure 123 shows the thermal energy demand (differentiated between HT / LT) and
the thermal energy suppliers. The energy supply exceeds the demand. The difference
are conversion losses. The LT-demand is the preheating of the freshwater and the
source for the RHP (all demands covered by the LT-storage) and the HT-demand
includes the needed thermal energy between 30 °C and 120 °C saturated steam
(covered by the HT-storage and the RHP sink) [70].

m Pelectric

m HT-storage
W LT-storage
m Abwiarme
ERHP

m Solar

m Enery Supply

thermal energy Supply

B LT-Demand
m HT-Demand

m Heat Demand

thermal energy Demand

0 5000 10000 15000 20000 25000
thermal energy Demand and Supply per day in kWh/day

Figure 123 Thermal energy demands and suppliers of the renewable setup for one day [70]
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Figure 124 shows the mean-temperature history of the HT- and LT-storages for a day.
The temperature of the HT-storage decreases linear. The temperature of the LT-
storage decreases stronger when the solar yield is low or not available (6 AM — 7 AM
& 6 PM — 10 PM). During the rest of the day the high solar yield reduce the discharging
rate of the LT-storage [70].
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Figure 124 Daily mean-temperature history of the LT and HT storages and the considered
solar yield history; Temp. stands for temperature [70]
This example show that a renewable operation of HT applications is feasible. If the
buffer storages and the STE are dimensioned bigger several days can be covered fully
renewable [70].

Textile industry
An example for the combination of PV, STE, TES and HP is the project of an Austrian
textile manufacturer. In the plant textile products like exemplarily towels are produced.
Currently the thermal energy requirements are provided by two gas boilers with a total
power of 11,7 MW. This thermal energy is used to power the processes shown in Table
26. Some of these processes require steam, marked with the letters “DD”. The waste
heat of these processes is used for space heating and DHW requirements [105].
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Table 26 Processes in the textile industry and their temperature level [105]

Schlichte, Schlichtemittelvorbereitung (DD} |90 =C
Farben/Farbmittelaufbereitung (DD) 60-70 °C
Waschen, Bleichen (DD) 100 =C
Trocknen 110 °C
Tumbler 1, Tumbler 2 75°C, 140 °C
Spannen 150 =C
Garnfarberei ?
Warmwasser 60 C* (7)
Heillwassernetz 80-=C (?)

* DD — Bedarf Direkt-Dampf

The operator of the plant plans to substitute the gas boilers by a renewable alternative.
The renewable alternative is a combination of photovoltaic/thermal collectors (PVT), a
PTES, a RHP and PV collectors. The envisioned concept is shown in Figure 125 (in
this figure . (dot) are used as thousand-digit-draw). The PVT generate electricity and
thermal energy simultaneously, the PV only electricity. The thermal energy is fed into
the PTES and the electricity is used for the RHP or other electricity demands. The RHP
is used to lift the PTES temperature to the needed level. For the processes which
require steam the RHP sink is fed into a steam generator. A gas peak boiler is used if
temperatures > 150 °C are needed [105].
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Figure 125 Visualization of the future envisioned SHIP heating of a textile manufacturer; combination of a PV, PVT, TES and RHP; in this figure .
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The dimensions of the plant components are pictured in Table 27 [105].

Table 27 Renewable energy concept components [105]

PVT-Anlage [m?] 17 0000
Erdbeckenspeicher [m*] 20000,0
Hochtemperatur-Warmepumpen [MW] 2.8
Nahwarme-Anschluss [NW] -

PV-Anlage [kWp] 1000,0
PV-Anlage [m?] 7 800,0

Figure 126 shows the energy supply (simulated) and demand (reference year 2019) of
the different sources. Between March and August, the supply exceeds the demand.
During this time thermal energy is fed into the PTES. During the other months thermal
energy of the PTES is consumed [105].
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Figure 126 Simulated energy balance of the SHIP system; the energy demand is on the
basis of 2019 [105]

PN

Energy yearly in MWh/yr

Energy monthly in kWh/month

Figure 127 depicts the mean temperature profiles of the PTES at different heights over
the year. Between March and August, the PTES temperature is rising, reaching a
maximum in August. In the following months thermal energy from the PTES is
consumed which is why the temperature is declining [105].
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Figure 127 Mean temperature profiles at different heights in the PTES over the year [105]

Figure 128 shows the electricity supply of the PVT and PV system and the electricity
demand of the consumers like the RHP over a year. The electricity demand of the RHP
can be covered almost over the whole year by the PVT and PV system. The additional
electricity supply is consumed by other consumers in the plant [105].

m Stromertrag PVT s Stromertrag PV ssssStrombedarf gesamt s Strombedarf Warmepumpe € COP Wirmepumpen
c

E 800 000 8
£ 700000
600 000
500 000
400 000
300 000

COP HP

200 000

100 000

0

Power demand/supply

Monat

Figure 128 Electricity supply of the PVT and PV system and the electricity demand of the
RHP and other consumers, COP of the RHP is assumed to be constant [105]

For the renewable thermal energy supply as described above an economic efficiency
calculation based on the data given in Table 28 were done [105].
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Table 28 Parameters for the economic efficiency analysis based on ONORM M7140 [105]

Betrachtungsperiode 50 lahre
Kalkulationszinssatz 3,5%
CO2-Preissteigerung 2%

Spez. CO2-Kosten (Projektion) 100 €/Tonne
Preissteigerung Energie, Wartung und 4%
Investition

Lebensdauer PYT und PV 30 Jahre
Lebensdauer Erdbeckenspeicher 50 Jahre
Lebensdauer Warmepumpen 20 Jahre
Lebensdauer FW-UberEahestatinn 50 Jahre
Spez. Kosten PAVT-Anlage 600 €/m?
Spez. Kosten PV-Anlage 200 €/kWp
Spez. Kosten Erdbeckenspeicher 200 €/m?

Spez. Kosten Warmepumpen

1,035 Mio. €/MW

Anschluss Fernwarme

50.000 €

Energiekosten

Strom 0,21 €£/kWh

Gas 0,2 €/kWh

Fernwarme 0,19096 €/kWh

Wartungskosten

PVT, PV, Erdbeckenspeicher 0,05% der
Investitionskosten

Warmepumpe und FW- 1% der

Ubergabestation

Investitionskosten

Firderungen

30% der Investitionskosten von PVT-
Anlage, Erdbeckenspeicher und
Warmepumpen

Evtl. PV-Forderung nicht beriicksichtigt

Figure 129 shows the outcome of the economic efficiency calculation. The life cycle
costs for the reference scenario (only OPEX) are significantly higher than the planned
scenario with and without subsidies (including OPEX, CAPEX and fixed system

costs) [105].
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Figure 129 Life cycle costs of the reference case and the planned case without/with
subsidies, orange: OPEX, blue: CAPEX, gray: fixed system costs [105]
The resulting LCOH and the dynamic amortization time are visualized in Table 29. The
LCOH of the planned scenario including subsidies are 51 €/ MWh and the DPP are 7,2
years. This price is competitive with the current fossil energy supply, while having
approximately on fourth of the GWP [105].

Table 29 LCOH (in €/kWh) and dynamic amortization period of the project based on [105]

Option
reference scenario
(fossil energy supply) | Without | with
subsidies [ subsidies
capital LCOH / 0,16 0,13
consumption based LCOH 0,84 0,34 0,34
operational LCOH / 0,04 0,04
sum 0,84 0,54 0,51
discounted amortization period 9,3yr 7,2 yr

4.3.3 Economic efficiency of SDH and SHIP systems

In Europe several SDH systems are under construction, investigation or in operation.
The competitiveness of SDH systems compared to other technologies rely on several
facts [3], [106], [107]:

¢ Auvailability of land as well as the price of land
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e DH temperature level
e EXxisting infrastructure for heating (gas boilers, biomass CHP, ...)

¢ Difference between maximum and minimal thermal energy demand (winter /
summer)

¢ Necessity of seasonal storage (high CAPEX)

¢ Prices of other technologies (reference scenario is usually fossil fuels), taxes
on fossil fuels are in nordic countries for example Denmark significantly higher

e The size of the DH system, because smaller SDH systems are already well
explored, while bigger SDH systems with several thermal energy sources are
more complex and only little experienced

Generally, it can be said that SDH systems have very low operation and maintenance
(O&M) costs. Regarding to [3] the O&M costs of the STE collectors can be set to be
0,5 % of its investment costs. In Denmark the O&M of STE systems are calculated with
approximately 0,27 €/ MWh. SDH systems have higher O&M costs, because of
electricity costs for the pumps and the HP. Small Danish SDH systems reach LCOH of
36 €/ MWh, while bigger systems with the need of a seasonal storage are around 50
€/MWh. More cost parameters are pictured in Table 28 [3].

Figure 130 shows an average CAPEX structure for SDH systems depending on the
SF. The costs for land are based on average prices for arable land and are expected
to be nearby the thermal energy demand. Therefore, short transmission lines are taken
into account. In the analyzed SDH system no HP where intended, which is why they
are missing in the CAPEX structure. Nevertheless are the CAPEX of the HP small
compared to the storage and the collector field costs. Larger SF lead to larger storages
and therefore they also take a larger cost position [108].

Investment cost distribution targeting 20%  Investment cost distribution targeting 40 % SF

m Collector field = Storage Transmission ® Land = Collector field m Storage Transmission = Land

Figure 130 Average CAPEX structure of a SDH system without a HP and short transmission
lines for SF of 20 % (left) and SF of 40 % (right) [108]

The cost structure for a small and large-scale SDH system is pictured in Table 30 (in
this table . (dot) is used as decimal point and , (comma) as thousand-digit-draw). The
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large-scale SDH system result in higher costs. This is mainly a result of the needed

PTES instead of a more compact TTES [32].

Table 30 Cost structure for a small and large scale SDH system; in this table . (dot) is used as
decimal point and , (comma) as thousand-digit-draw [32]
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Al systems of this category are ground-

mounted and may be equipped with gither
short-term (diurmal} storages (A} or
long-term {seasonal] storages (B)

Kind of solar thermal collector used FPC FPC
optional - -
Kind of soiar energy storage used Non-pressurized TTES FTES
optinnal pressurized TTES BTES, {ATES]
Typical size per unit [m*e.) 10,000 50,000

range {from - {o) 5,000 - 20,000 {up to 150,000/ 20,000 = 70,000
Typical thermal peak capacity per unit (kW] | 7,000 35,000

range (from - to}

3,500 = 14,000

14,000 = 140,000

Typical storage volume per unit [m® o) 1,200 125,000
Typical annual production per unit [MWh/a] | 4,100 17,500
Specific storage volume per unit [ltr/m’p.] | 120 2,500

rangée {from - to) A0 =150 1500 - 3,500
Typical solar energy yield SE [kWh/m®y.afa) | 410 365

range (from - to} 380 - 460 340 - 350
Typical solar fraction sf [-] 1% 50%

range {from - ta) 5-20% i~ 60
Technical life time [years] 25 25

Financial data A} with diurnal storage B) with seasonal storage
Specific cost ready installed |1,000€/m gy | 0.24 [+/- 12%) 0.29 (+/- 15%)
{excl. VAT, excl. subsidies) (0.21=0.27) [6:25 = 0,33)

Specific cost (material only) [1,0006,/m ]

0.22 (/- 12%)

0.27 (+/- 15%)

(excl. VAT, excl, subsidies) (019 = 0.25] (023 -031)
Specific cost (labor only) [1,000€/m® ;u.) 0.02 0.0z

(excl. VAT, excl. subsidies) (0.02 = 02} (0.0 = 0.02)
Investment per unit ready installed 2,400 {+/-12%) 14,500 (+/-15%)

[1,000€ funit] {excl. VAT, excl. subsidies)

{2,100 - 2.700)

(12325 - 16,675]

Fixed D&M per unit [€/m?yq.fa]*

17

2.0

Variable OBM per unit [€/m’.../3]*

* 0.75% of net investment cost (excl. labor)

i5

i3

** Electricity for solar pump and control {around 1.5 kWh electrical / 100 kWh heat produced). Electricity: 24€-ct/MWh
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Figure 131 shows the average LCOH of SDH systems based on their thermal energy
demand. It is shown that in DH networks with low heating demands (< 0,05 TWh/yr)
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SDH concepts are not cost effective, while LCOH of ~ 30 €/ MWh seem to be the typical
price fom a heating demand of 0,1 TWh/yr upwards [108]..

Solar heat cost for identified potential SDH systems

Solar heat cost in €/MWh

0 0.1 0.2 0.3 0.4 0.5 0.6
Heat demand of DH network in TWh/yr

Figure 131 LCOH of a SDH system depending on the thermal energy demand [108]

Another Austrian feasibility study of a SDH is BIG Solar Graz. BIG Solar Graz is a
combination between STE, HP, TES, and other waste heat sources. The DH system
of Graz provides around 40 % of the thermal energy demand of the city [109], [110].
The peak load of the DH system is 550 MW and the yearly DH demand are 1 200 GWh
[111]. The DH feed has a temperature of 120 °C and the return flow is around 60 °C.
The highest thermal energy demand (winter) is approximately 20 — 30 times bigger
than during the summer. To get the optimum between SF and LCOH a comparison
between collector area and storage capacity shown in Figure 132 (in this figure . (dot)
are used as thousand-digit-draw) where done. The optimum resulted in a SF of 20 %
that can be achieved with a solar aperture area of 450 000 m? (~ 100 football fields)
and a TES with 1 800 000 m3 [109], [112].
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BIG Solar Graz

Zusammenha ektorfliche zu

Simulation | Variationsrechnung | Dimensionierung
peichervolumina => Warmegestehungskosten

I,

Figure 132 Resulting prices of combinations between solar collector aperture area and
storage capacity; green mean cost effective, red bad ratio for cost effectiveness; in this figure
. (dot) are used as thousand-digit-draw [112]

The CAPEX cost structure of this project is shown in Table 31 (in this table . (dot) are
used as thousand-digit-draw). Based on private equity of 8% and an interest rate of
1,5 % on the loan and a heating price of 35 € / MWh the return-on-investment (ROI)

resultin 15,5 years [113].

Table 31 CAPEX structure of the BIG Solar Graz project; in this table . (dot) are used as
thousand-digit-draw [63]

Kollektoranlage 450.000 m? 81.000.000 EUR
Speicher 1.800.000 m*  50.000.000 EUR
Absorptionswirmepumpen 96 MW 6.000.000 EUR
Projektmanagement 10.000.000 EUR
Zentrale Technik/Infrastruktur 8.000.000 EUR
Solare Ubergabestation
Ausdehnungsanlage
Stromanschluss
Regelung
Gaskessel inkl. Anbindung 120 MW 8.000.000 EUR

Verbindungsleitungen

5.000.000 EUR

Gebdude 1.000.000 EUR
Land (Speicher, Kollektoren, 20.000.000 EUR
Technik)

Gesamtsumme 189.000.000 EUR

Therefore, LCOH of small SDH systems are around 30 — 40 €/ MWh and larger SDH
systems show prices of 40 — 55 €/ MWh. Increasing solar fractions and larger SDH
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systems require large storages leading to higher prices. Payback periods are typical
very long ~ 10 years [32], [108], [109], [112].

The example of a SHIP system (case study of the textile industry) in chapter 4.3.2
calculated with the RHP shows LCOH of 51 € / MWh including subsidies [105].

4.3.4 Market potential SDH and SHIP systems

DH systems are already well established in Europe, and show a growing trend. Today,
most of the thermal energy in DH systems is provided by fossil fuels. SDH systems are
a technology to substitute fossil thermal energy generation for DH systems by
renewable sources. Role model for SDH systems is Denmark. Figure 133 shows a
summary about SDH in Denmark on a 2019 basis [3].

DANISH SDH ACHIEVEMENTS
by 2019

r.

ARAERRRRURR

‘* SOLAR * CAPACITY
fonmerts 1o hea! neha et

GW "™

g SOLAR HEAT PRICES:
m m E "L =p frown 20 EMWNH® 10 40 €W
—_—

wilkages, T we COST-OPTIMISED SOLAR
it Cities v SOLUTIONS BEAT GAS MEAT PRICE
SOLAR HE#T

Figure 133 Summary of Danish SDH achievements [3]

2010 the global installed capacity of large-scale STE was low (38 MW), but in 2018
1,55 GW were reached. The growth between 2010 and 2016 of the four main markets
(Germany, Denmark, Austria and China) is shown in Figure 134. The decline in 2016
of the newly installed STE capacity in Denmark is a result of the changed promotion
scheme [3].
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Figure 134 Newly installed large-scale STE capacity between 2010 and 2016 in the countries
Denmark, China, Germany and Austria [3]

The trends of SDH systems in the four mentioned countries are shown in Table 32 (in

this table . (dot) is used as decimal point and , (comma) as thousand-digit-draw). It is

noticeable that in Europe mostly FPC are used, while China relies on different collector

types. Europe count on general solutions which offer SF of 20 — 40 %, while China

focuses on specialized solutions with SF up top 90 % [3].
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Table 32 SDH trends in four different countries (Denmark, China, Germany, Austria); in this table . (dot) is used as decimal point and , (comma) as

Characteristics of large-scale solar thermal systems.

thousand-digit-draw [3]

Denmark China Germany Austria
Number of plants (2018) [-] 118 55 37 23
Total installed capacity (2018) MW} 969 212 45 27
Installed capacity per 1000 inhabitants  [kW] 167 kW 0.15 kW 0.55 kW 3.08 kW
Total installed collector aperture area fm?] 1,384,000 304,000 65,000 39,000

(2018)

Average collector area fm?] 11,700 5,500 1,800 1,700
Collector type (main) FPC ETC, FPC, PTC FPC, ETC FPC
Mounting (main) Ground mounted Ground mounted Ground mounted Roof mounted
Seasonal heat storage (main) Water pit storage Borehole storage Multifunctional short- and long-term storage None
Typical solar fraction %] 7-20% (diurnal storage), Up to 90% 7-20% (diurnal storage), 10-20%

Applications (main)

Heat price (typical)

40-50% (seasonal storage)

SDH including SH and DHW typically
for small towns

36 €/MWh

(systems > 7 MW, diurnal storage);
49 €/MWh (systems > 35 MW,
seasonal storage)

Industrial processes, SH with fixed heating
season, separate DHW systems
Not available

40-50% (seasonal storage)

SDH including SH and DHW, typically for villages
and city quarters

50 €/MWh

SDH including SH and DHW, typical
villages and city quarters
Not available
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The growth of solar energy-based systems is due to their high CAPEX very much
dependent on promotion schemes and given boundary conditions. Figure 135 shows
examples for promotion schemes and boundary conditions in the countries Denmark,
China, Germany, and Austria. Denmark with the highest installed large-scale STE also
meets the most promotion schemes and the best boundary conditions [3].

Germanyl & Austria
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Figure 135 Promotion schemes for solar based systems and boundary conditions in the
countries Denmark, China, Germany and Austria along nine axes [3]
Table 33 (in this table . (dot) are used as thousand-digit-draw) shows the number of
existing large-scale SDH divided into > 1 MW and > 350 kW in Europe based on 2018.
The total power of both categories results in 2,29 GW. The average yearly growth
between 2013 and 2018 was 21 % [114].
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Table 33 Market data of large-scale SDH systems in Europa (2018); in this table . (dot) are
used as thousand-digit-draw [114]

MARKTDATEN FUR EUROPA

Al < Anzahl 167
= ) Kapazitt [MW_] 1.096
europaweit in Betrieb -
Kollektorflache' [m?] 1.579.629
Al > 350 kW Anzahl 325
nlagen : =
europaweit in Beiriehh Kapozitit IMW, ] L1596
Kollektorflache [m?] 1.707.803
Hi - Anzahl 22
iervon mit erster b
Inbetriebnahme 20182 Kapazitit (MW, | 625

Kollektorflache [m?] 89.238

Mittlerer jahrlicher Zubau

der vergangenen 5 Jahre L peo o) A
. [GWha] 700
5 2.3
Energieproduktion TJja] 2571
Vermiedene CO,-Emissionen”  |[tCO,/a] 1.242.714

" Aperturfliche  * Bezug: Anlagen > 350 kW, *410 kWh/m?

Figure 136 shows the solar thermal energy potential in Europe depending on the price
limit and the SF of the SDH network. This analysis is based on existing DH systems
in 2018, which are suitable for STE (availability of land) and do not have other excess
heat options nearby. It is shown that at a SF of 20 % a big part of the SDH potential is
reached at LCOH of 35 €/ MWh and to not exceed 20 000 GWh/yr. Higher SF in SDH
networks result in a bigger potential, while being more expensive [108].

40,000
15,000
30,000
25,000
20,000

15,000

Solar heat in GWh/yr

10,000
5,000

0

Solar heat potential depending on price limit

20 25 30

35 40 45 50 55 B0

Maximum acceptable solar heat price in €/ MWh

e G = 20 e—SF = 40 5%

Figure 136 Potential for solar thermal energy in Europe depending on the LCOH and the SF
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Figure 137 shows the solar thermal energy potential of different European countries
depending on the resulting LCOH of the solar system. If the current thermal energy
supply in a country is expensive the market is particularly interesting. This is the case
if the SDH potential at LCOH greater than ~40 €/MWh is big. Such countries are for

example Spain, Estonia, Czech Republic, or Italy [108].
(\\’3‘

Figure 137 Solar heat potential depending on the LCOH for some European countires [108]
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If we assume a SDH economic potential of 100 TWh/yr (very conservative assumption)
and a SF of 30 % the solar heat potential in Europe result in 30 TWh/yr. Considering
an average solar yield of 500 kWh/(m? yr) and an approximately power per collector
aperture area of 0,7 kW/m? the resulting STE power in Europe is 42 GW. Assuming
around 70 % of the SDH system are in combination with a HP and the ratio between
HP and STE power is 25 % the addressable market potential for HP in SDH systems
is 7,35 GW. This result in 10 500 ecop RHP with each having a nominal power of 700
kW [70].

The potential of STE in the industry was analyzed in the International Energy Agency
Solar Heating and Cooling (IEA SHC) Task 49. It was found that the global SHIP
potential is between 1 500 and 2 200 TWh/year [32].

Figure 138 shows the technical SHIP potential in several European countries. It is
shown that the SHIP potential is between 3 — 4 % of the industrial thermal energy
demand. According to Figure 46 the process heat demand in Europe is 2 000 TWh/yr
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(technical potential). Assuming that the European average of SHIP potential is 2,5 %
(very conservative) of the process heat demand the addressable process heat is 50
TWh/yr (economic potential). Assuming that 50 % of the 50 TWh/yr are a combination
between STE and a HP and the ratio between HP and STE power is again 25 % the
market potential for SHIP in Europe result in 8,75 GW or 12 500 ecop RHP [32], [70].
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Figure 138 STE potential in several European countries in TWh per year and as fraction of
the total industrial thermal energy demand [32]
4.4 Flue gas utilization
In this chapter different methods to treat flue gas of variable combustion processes is
examined. The goal is saving primary energy and increasing the efficiency of the
overall system.

4.4.1 Steam generator feed preheating with IHP add on

In this section a method to reduce the fossil fuel consumption for steam production by
adding an IHP to the system is described. The steam generator is modeled as NG
fired steam boiler. In this analysis the steam generator is simplified neglecting water
pretreatment, desludging, degassing and other auxiliary systems.

Reusing of the condensed steam (Use case Flue gas-1)
Figure 139 shows on the top a typical setup of a gas boiler. On the bottom of the figure
the setup is pictured in a simplified way. In this case it is assumed that the steam circuit
is a closed system. Therefore, the condensed process steam can be reused as feed
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with around 100 °C. In the conventional system the water feed (100 °C) is preheated
in an economizer (Eco) by hot flue gas to around 130 °C. At the Eco entry the flue gas
is usually 60 — 80 K above the steam output temperature. The flue gas is cooled down
to temperatures >140 °C (depending on the primary fuel) to be higher than the acid
dew point. In the case of NG combustion, the acid dew point is due to a low sulfur
content of NG not a big thing. Nevertheless, the dimensions of the Eco limit the heat
transfer. Flue gas temperatures below 130 °C at the Eco outlet can usually not be
reached. The remaining thermal energy of the flue gas after the Eco can be used in
another downstream Eco to preheat the freshwater feed or to preheat the required air
for combustion. Exemplary can a downstream air preheater (LUVO) (condensing
Economizer are analyzed in 4.4.2) be used to preheat the needed air for the
combustion from 15 — 100 °C. In the gas boiler itself the rest of the needed thermal
energy from 130 °C (liquid) to 180 °C saturated steam is supplied [115], [116].

|'Shamlnlhl 3

simplified

Flue gas
~80°C I

Air
o ' LUVO
Flue gas
~145°C
Feedwater m————h Feedwater

~100°C Eco 233070

>

Steam
~ 180 °C

Steam boiler

Air
« 100 °€

Figure 139 Set up of a conventional gas boiler (top) and its simplified
visualization (bottom) based on [70], [115]
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Adding a HT-HP to the system can help reducing primary energy. A simplified
visualization of the HT-HP add on to the gas boiler circuit is shown in Figure 140. The
integration of a HT-HP is used to preheat the freshwater feed from 100 °C to 140 °C
before entering the Eco. In this setup the feed reaches higher temperatures in the Eco
(~ 160 °C). The increased boiler inlet temperature of the feed directly leads to a lower
thermal energy demand in the gas boiler and therefore to fuel savings. In this setup
the Eco outlet temperature of the flue gas increases. Therefore, the flue gas should
be cooled down in another downstream Eco. The remaining thermal energy in the flue
gas is used in a downstream Eco (Eco 2 in Figure 140) to heat the source circuit of
the HT-HP. The HT-HP source circuit can also be powered by other excess heat
sources or STE [70].

Flue gas
Eco 2-Out temperature
60 °C
Source Eco 2
Eco 2 -Out = Source-In
Eco-Out
90°C ink-
Sink-Out temperature Steam-Out
ten’llplzra(t:ure Feed-Out 175 °C temperature
e L temperature °
] l 120 " Boiler-In 180°C
[e————— temperature
(( OOO@) ‘ Eco 1 ~ 160 °C
LN ‘ Sink-In Steam boiler
temperature ;
105 °C Eco-In Air
Feed-In temperature
temperature; 245°C
100 °C

Feed-In

Figure 140 Simplified visualization of the RHP integration for the freshwater feed preheating
in the gas boiler circuit [70]

As HT-HP exemplary the ecop RHP can be used which reach in this set up a COP of
3,74 shown in Figure 141. Necessary for this application is that the HP can reach
temperatures of > 140 °C [68].
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Input:
Q-Sink-out 700 kW
T-Sink-out 1451°C
T-Sink-in 105{°C
T-Source-in 9p|°C | 105 °c | i 145 °C |
V-Source 40im3/h Y *
Output: T 5 3 i
cop 3,74]- OOO T
Electrical Power 187 kW —/j —_
Q-Sink-out 700 [kw :‘_':
Q-Source-in 583 |kw | 90°c | I 77,0 °C I
T-Source-out 77,0|°C
V-Sink 16,2|m3/h
Main rotor speed 1919 U/min

Figure 141 Simulation of the ecop RHP in the gas boiler add on setup (Use case Flue-1) [68]

Economic analysis IHP add on with reusing of the condensed steam (Use
case Flue gas-1)

In this section it has been analyzed if the HT-HP add on is economical feasible. For
this analysis four key parameter are relevant, which were determined as follows: gas
price (25 €/ MWh), electricity price (75 €/ MWh), CO2 price 113 €/tco2), discount rate 3
% and Scope 1 direct emissions of 0,201 tons CO2 per MWhNG as primary energy carrier (fOr
more details see 3.4). Annually 8000 FLH are assumed for this scenario. Another
relevant parameter is the feed temperature at the gas boiler inlet (after Eco), which
depends on the HT-HP preheating potential and will be varied between 150 — 170 °C.
Higher feed temperatures lead to higher gas savings being more economic. With the
given values above for the example of 160 °C gas boiler inlet temperature in total 155
k€ can be saved every year considering a production of 15 t/h saturated steam with
180 °C. 7 k€ result directly from the gas savings and 108 k€ result from the saved COz2
certificates. The NG savings related to the fossil scenario result in 4,7 % or 798
tCO2/yr. The required electricity for the RHP (COP of 3,74) are considered in this
calculation. The needed thermal power of the HT-HP for the preheating purpose result
in 700 kW, what equals one ecop RHP. With costs of 490 k€ of the RHP in this case
including auxiliary system the dynamic payback period result in ~ 4,5 years [95], [70],
[117]. Figure 142 shows the payback period of the RHP according to the gas boiler
inlet temperature, which equals the Eco outlet temperature. It is shown that with
increasing gas boiler inlet temperature the payback period decreases, because more
gas is saved while the investment is constant [70].

September 2023



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Seite | 140
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3,5

dynamic payback period of RHP in yr
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155 160 165 170

Gas boiler inlet temperature after ECO in °C

Figure 142 ecop RHP dynamic payback period according to the gas boiler inlet temperature
(= Eco outlet temperature) [70]
Fresh water stream with 20 °C - no steam reuse (Use case Flue-2)
In the second example it is assumed that the generated steam is consumed during the
industrial process. Furthermore, no external heat sources except the flue gas are used
for preheating the freshwater feed. This setup is shown in a simplified way in Figure
143. The freshwater feed with 20 °C is preheated in a downstream Eco (Eco 2 in
Figure 143) to around 40 — 50 °C. The preheating potential is depending on the flue
gas outlet temperature of the upstream Eco (Eco 1 in Figure 143). The heating
between 43 and 100 °C is often done by tapping saturated steam for degassing. In oll
boilers this step is necessary, to avoid a cooling down of the flue gas in the Eco 1
below the acid dew point. In general, the freshwater feed needs to be heated to around
100 °C before entering Eco 1 to reach high Eco 1 outlet temperatures of the feed [115].

Flue gas
Eco 2-Out temperature
70°C
Feed-In
Feed-Out temperature ..
temperature 20°C :
43°C Eco2 4 Steam
A.ﬁco-Out temperature

X S Steam-Out

146 °C
Feed-Out temperature

temperature Boiler-In 180 °C

100 °C ~ temperature
T Air
Eco-In MJ’
temperature

245°C

Figure 143 Set up of the steam boiler without external freshwater preheating based on [70] ,
[115]
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In comparison to the only fossil scenario (Figure 143) Figure 144 shows the same
system with a HT-HP added. The HT-HP is used to lift the temperature from the Eco
2 outlet temperature to 100 °C in the first step and in another step to 140 °C.
Depending on the mass flow this can be done in one or several stages. To minimize
exergy losses several stages are recommended. Additionally, also waste heat streams
can be used for preheating from 40 to 100 °C. Due to the HT-HP feed water preheating
to 140 °C the Eco 1 outlet temperature of 160 °C can be reached leading to fossil fuel
savings. It is assumed that any case of waste heat or STE can be used as source for
the HT-HP [70], [115].

Flue gas

] Eco 2-Out temperature

70°C
Feed-Out Feed-In temperature ..
temperature 20°C SR
Source-In 50 °C Eco 2
90°C Sink-Out ﬂ‘t ECO’OE[‘t Steam
temperature e St -Out
i Feed-Out 175°C cam-Hu
* ] 145°C . temperature
temperature Boiler-In 180 °C
Source ooo )) ‘ 140°C temperature
{ ~160°C Steam boiler
< - Ecol
Plnk-ln T Air
temperature = m
Source-Out 105°C Eco-In g
77 °C temperature
245°C

Figure 144 Simplified visualization of the RHP integration in the gas boiler circuit without

external freshwater preheating [70], [115]
Considering the same economic parameters as mentioned above the dynamic
payback period according to the Eco 1 outlet temperature (150 — 170 °C) is given in
Figure 145. For this setup two ecop RHP are needed leading to investment costs of
980k €. The ecop RHP have the same COP than in the previous example (COP 3,74).
The dynamic payback period in this setup is lower than in Figure 142, because higher
NG savings are realized. The higher NG savings result from the additional preheating
task of the HT-HP (50 — 100 °C). In the fossil scenario some steam needs to be
generated on top for the feed preheating and degassing. In the case of 160 °C Eco 1
outlet temperature the NG savings related to the fossil scenario result in 14,6 %. 344
k€ are saved with the HT-HP add on every year leading to DPP of 3,02 years. 75 k€
result directly from the gas savings and 269 k€ result from the saved CO:2 certificates
[70].
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3,5
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3,3
3,2
3,1
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2,8
2,7

dynamic payback period of RHP in yr
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Gas boiler inlet temperature after ECO in °C

Figure 145 ecop RHP dynamic payback period according to the gas boiler inlet temperature
(= Eco 1 outlet temperature) [70]

Potential IHP add on in steam generator
While a lot of research is done for entirely renewable steam production the steam
boiler market is still dominated by fossil fuels showed in Figure 146. NG gas boiler
have the biggest share of the European steam boiler market with 43,3 %. Fossil steam
boilers take up 73,3% of the European steam boiler market [118].

Europe Steam Boiler Market Share, By Fuel, 2022 (Units)

43,3

9%

21 %

= Matural Gas = Oil = Coal m Others

Figure 146 European steam boiler market shares by primary energy (2022) based on [118]

Figure 147 (in this figure . (dot) is used in difference to , (comma)) shows a comparison
of the economic efficiency between HP and a NG boiler on the left side. On the right
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side the related economic parameters like CAPEX, OPEX, et cetera (etc.) are pictured.
Gas boiler in this figure is seen as heating unit and not only for steam production. The
relevant factors are the electricity to gas price ratio and the needed temperature lift. In
general lead lower electricity to gas ratios as well as smaller temperature lifts to
advantages of the HP. There are countries (depending on the electricity to gas price
ratio) where HP solutions (HP steam generation is investigated in chapter 4.5) are
more cost effective and others where the gas boiler is the economic better solution.
The cases where gas boilers are the economical better solution are addressed by the
HT-HP add on [119], [120].

|m2,0-2.5
1.5-2.0
| = 1.0-1.5 Heat pump rather « Assumptions: Heat pump Gas boiler
'=0.5-1.0 economical 8, Investment costs: 420 EUR/KW 60 Euro/kW
'm0.0-0.5 S, Interest on capital: 5% 5%
i S Useful life: 15 years 15 years
o 2 ..g Annuity: 40.5 EUR/KW 5.8 EURKW
® 8 @ Maintenance costs:  2.5% 3% (Investition)
- o 15 EUR/KW 4,2 EUR/KW
25 | L 2% |aw efficiency (17up):") 45%
-1 & Gas boiler efficiency (7 asier): 80%
g g @  Operating hours:?) 3'504 hlyear 3'504 hiyear
ca n'_c Gas price:¥ 0,0301 Euro/kWh
<
2 DCOPy = 17 up- TsikoulATum Tk = 393,15 (120°C)
A H 2)40% x 365 days x 24 h = 3'504 h

: 3) %
10 20 30 40 50, 60 70 80 90 100 Silicehl BB 2010

Temperature lift ATLift = TSink.out - TSource.in
of a heat pump from heat source to heat sink in K

Figure 147 Heat pump integration in comparison to a gas boiler; in this figure . (dot) is used
in difference to , (comma) [119], [120]

According to [118] the steam boiler market will grow until 2032 annually by 5,5 %. In
2030 1 138 TWh of primary energy will be needed for steam production in Europe
(technical potential). Using the data of [9] show that providing 1 138 TWh of thermal
energy needs around 200 GW of thermal power. Assuming that, 20 % are fossil boilers
with a HT-HP add on as retrofit or newly built the addressable power are 40 GW
(economic potential). Considering a gas to HT-HP power ratio of 8 % on average, due
to a mix between the two setups (Flue-1 and Flue-2) the HP potential is 3,2 GW
(market potential). Taking into account that one ecop RHP has a thermal power of 0,7
MW the potential of ecop RHP result in 4 571 pieces.

4.4.2 Flue gas condensation (Use case Flue-3)

In this section the focus lies on the flue gas condensation of various fuels. Flue gas
condensation is done to decrease the amount of excess heat of combustion
processes. If the flue gas is cooled down below the acid dew point different flue gas
components like Ammoniac, Chlorides, Sulfur compounds, etc. dissolve in the water
making the condensate very corrosive. Therefore, flue gas condensation is usually
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done if the fuel carries a low amount of these byproducts, such as gas or some kinds
of biomass (wood, pellets, wood chips). The flue gas of heavy oil and coal combustion
are usually not condensed, because of the high contamination [115], [121].

If the flue gas is cooled below the dew point, the water it contains starts to condense.
During the cooling down of the flue gas below the dew point beside sensible heat also
the condensing enthalpy (latent energy) is released. The latent energy for cooling
down each Kelvin is around 10 times greater than the sensible energy. The acidic
water in the flue gas of NG and woody biomass mostly condenses at temperatures
around 45 — 70 °C. To condense the gaseous water in the flue gas a cooling circuit
with temperatures below the dew point is necessary. Such low temperature fluid
streams can be low temperature heating systems, DHW or HP source streams. This
section does not focus on the detailed construction of condensing HEX, but the
integration of a HP and possible setups [115], [121].

Flue gas condensation can either be done directly in a condensing HEX or indirect in
a condensing scrubber. Scrubber are used for cleaning flue gas by absorption of
hazardous compounds in a washing fluid. This chapter focuses on condensing HEX,
if the flue gas does not need to be cleaned in a scrubber [121], [122], [123].

In the case of gas combustion, the water is generated by Equation (10) [115].

CH, + 20, =2 (H,0) + CO, (10)
CH, methane
co, carbon dioxide

The theoretical difference between the calorific value and the heating value of NG are
10 % related to the heating value. That equals 1,5 kg condensable water per Nm?
natural gas. The achievable condensation rate in a condensing HEX is usually
between 70 — 100 %, depending on the cooling fluid temperature. The pH (pondus
hydrogenii) of the condensate is between 3,5 and 5,2. Hence, the condensing HEX
must be made of stainless steel, ceramic, or graphite to ensure an acceptable
operating life [115], [121].

The generated energy of the condensing HEX can be calculated according to Equation

(11) [115].

Q condensing HEX = ((Tin,flue gas — Tout,flue gas)_cp,flue gas + (Hs

. (11)
- Hi) 0() Bflue gas

0 condensing HEX extracted thermal power in the condensing HEX in kW
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Tin,flue gas condensing HEX flue gas inlet temperature in K

Tout fiue gas condensing HEX flue gas outlet temperature in K

Cp.flue gas mean specific heat capacity of flue gas in kd / (kg K)
H, heating value in kd/kg

H; caloric value in kJ/kg

a condensation factor

Brive gas flue gas mass flow in kg/s

Condensing HEX are gladly built if biomass is burned. Biomass can have a water
content of up to 60% when it is burned. Therefore, a lot of energy is stored in the
emerging water vapor [122].

Figure 148 shows the extractable thermal energy based on the primiary fuel (different
coloured lines) and its water content (for wood water content of 15% to 60%). On the
abscissa the flue gas temperature is shown. At the point where the line coming from
the right curves upwards the water starts to condense. On the ordinate the relative
heat recovery on the basis of flue gas with 160 °C, air-fuel ratio of 1,5, relative humidity
of 13 % and a reference temperature of 10 °C is shown. The heating value of wood is
assmued to be 18,78 MJ/Kkg. It can be seen that with increasing water content of wood
more thermal energy can be extracted. Wood show a greater potential for condensing
HEX than NG. Exemplary for the flue gas of a NG combustion the contained water
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starts to condense at 57 °C. By cooling down the flue gas from 57 to 15 °C 13 % of
the NG primiary energy can be extracted [122].

@
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=

Thermal energy recovery of fuels primary energy in %

Figure 148 Extractable energy depending on the fuel and the water content [122]

A typical flue gas treatment of a biomass combustion is shown in Figure 149. In the
combustion process temperatures of up to 950 °C are reached being used for steam
or electricity generation. Afterwards the flue gas with variable temperatures
(depending on the usage) is cooled down in an Eco. In a following process step called
quenching water can be sprayed to separate dust particles and the relative humidity
of the flue gas and the dew point temperature increases. This leads to a more constant
condensation rate in the condensing HEX and a better heat transfer. However,
continuously wet heat exchanger surfaces corrode less than discontinues wet areas.
The sensible and latent heat of the condensing HEX can be used directly for low
temperature heating or as source of a HP [121].
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Figure 149 Flue gas treatment in a biomass CHP [123]

To achieve high condensation rates the condensing HEX needs a low temperature
cooling circuit. The link between the condensate mass flow and the cooling circuit inlet
temperature for a pellet combustion with a dew point of 46 °C is shown in Figure 150.
Lower cooling circuit temperatures achieve higher condensation rates. Other fuels
usually have higher dew points [124].

|Condensate mass flow in I/h

0.5

KA + Flue gas
04 . « ‘Humid air

‘ -
0.3 ot
0.2 -
-‘-. .
0.1 .
0.0 P S,
25.0 30.0 35.0 40.0 45.0 50.0

Cooling circuit inlet temperature in °C

Figure 150 Relation between the cooling circuit temperature and den condensate mass flow

[124]

There are two concepts to use the thermal energy of the cooling circuit economically.
On the one hand a low temperature network (exemplary space heating, fuel drying or
air preheating) can be heated from around 25 - 35 °C to 40 - 50 °C. Figure 151 shows
a concept to use the thermal energy of a condensing HEX for air preheating. A part of
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the DH return with around 60 °C is used to preheat the combustion air (20 — 55 °C)
and another air stream for heating purposes (15 — 30 °C). The DH return is cooled
down to 30 °C. This stream is afterwards heated up in a condensing HEX (“innovativer
Apparat” in Figure 151) from 30 — 60 °C. In a HEX this stream is heated up to 90 °C
and afterwards mixed with the remaining DH return. The DH return is then heated up
in an Eco to the feed temperature level [124].

Ricklauf| 60°C

Mischkammer

Biomasse-
feuerung

Luft- Innovativer Apparat

vorwarmer Kamin

y ¥

& sz % el Nrae| [

Verbrennungsluft 56°C /

20°C / I Warmetauscher
B:omasseE Kessel

Vorlauf 90°C

t
3°C J[/—\]L
rrrrvrrrerrds] [revrrerreeed
Luftheizung
15°C

Figure 151 Flue gas condensation used for air preheating [121], [124]

On the other hand, a HP can be used for cooling down the cooling circuit of the
condensing HEX using it as source to lift the sink in a serial or parallel way. Figure 152
(top) shows an example for the parallel integration of the ecop RHP into a DH system
based on Figure 149. The RHP uses in this configuration the cooling circuit of a
condensing HEX as source to lift the DH return to the DH feed temperature. Figure
152 (bottom) shows an exemplary simulation of the ecop RHP in this usage. It is
assumed that with quenching a cooling circuit inlet temperature of 28°C achieve high
condensation rates. The extracted energy is used to lift the DH return from 58 to 100
°C. It is also possible to integrate the HP sink into process applications (drying, etc.)
or to charge a TES for peak loads [121], [123].
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Figure 152 (top) Exemplary visualization of the parallel integration of the ecop RHP in a
condensing HEX and (bottom) exemplary simulation of ecop RHP in this setup (Flue-3)
based on [68], [123]

In addition to the parallel also a serial setup is possible visualized in Figure 153. In this
setup the temperature lift of the HP is smaller and the COP higher. The increased
temperature of the DH return leads to an decreased efficiency in the following Eco and

HEX, because of a smaller temperature difference [121], [123].
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Figure 153 (top) Exemplary visualization of the serial integration of the ecop RHP in a
condensing HEX and (bottom) exemplary simulation of ecop RHP in this setup (Flue-3)
based on [68], [123]

Usually, it is tricky to manage an integration of the HP source circuit directly as
condensing HEX, because of the fixed evaporating temperature of the HP working
fluid. Therefore, an intermediate circuit is introduced for condensing and another HEX
to transfer the thermal energy to the HP source circuit. This result in additional CAPEX
and doubled temperature differences in the HEX. An advantage of the ecop RHP in a
condensing HEX is that the ecop working fluid does not need to be vaporized by the

source. [121], [123].
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Economic efficiency condensing HEX (Use case Flue-3)
In this chapter the economic feasibility of condensing HEX with and without HP are
investigated. Condensing HEX can also be built in as retrofit to existing plants.

The payback period of a condensing HEX can be calculated as shown in equation (12)
and is usually below one year. The exemplary costs of a condensing HEX with 1 MW
power are 105 000 €. The yearly FLH can be assumed with 5000 — 6000 h/yr and the
revenue for the extracted heat with 35 €/ MWh. With these assumptions the payback
period resultin around half a year, if the whole energy can be utilized. If a HP is needed
around 490 000 €/MW additional CAPEX arise leading to a payback period of less
than 3 years. It must be mentioned that in the case of a HP integration the temperature
level is higher and can be used for more applications. This fact is not considered in
the calculation [3], [115], [70].

Kcondensing HEX
Apayback - (12)

Q condensing HEX Khear FLH
Apayback payback period in yr
Keondensing HEX costs of the condensing HEX in €
Kyt revenue for extracted thermal energy in €/kWh
FLH yearly full load hours in h/yr

Summarizing it can be said that, a condensing HEX is technical as well as economical
feasible in most cases. If a low temperature heating system, that can achieve high
condensation rates over the whole year is available, this stream should be used for
the flue gas condensation. If such a stream is not available a HP offer the possibility
to continuously cool down the source for condensing, while providing high
temperatures for other applications. Quenching is possible because it increases the
dew point and helps in the dust separation but is not necessary. The biggest hurdle is
an efficient integration and control of the HP to reduce the amount of partial load, while
enabling high condensation rates. It must be mentioned that a condensing HEX in
combination with a HP is only be feasible if the plant is in a MW scale [121], [123].

Potential condensing HEX (Use case Flue-3)
If it comes to the market potential analysis it must be distinguished among different
fuels. The European process heat demand of 1952 TWh/a is 90 % supplied by direct
combustion processes [4]. According to [9] this would lead to a thermal power of 197
GW (technical potential). If 25 % do not have a condensing HEX, the flue gas is suited
for condensing and the operator are willing to invest in a condensing HEX 49,25 GW
thermal power can be addressed. Additionally, it is assumed that 80 % of these do not
have a low temperature network for condensing or have no need for low temperature
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thermal energy. Heat pumps for flue gas condensation can therefore be integrated into
combustion processes on the order of 39 GW (economic potential). The market
potential arise in 8 443 ecop RHP based on the fact that 15 % of the thermal plant
power can be extracted in a condensing HEX [3], [70], [115].

4.5 Steam generation
In the industry steam is often used for heating tasks, because due to the latent heat
release better heat transfers are achieved and the temperature control is easier.

This chapter is aiming on steam generating heat pumps (SGHP). In contrast to chapter
4.4 the following use cases get along without combustion processes. Combustion
processes for steam generation have high exergy losses due to high temperature
differences and are mainly driven by fossil fuels [120].

Figure 154 (in this figure . (dot) is used as decimal point instead of a , (comma)) shows
a comparison between fossil driven steam generation and HP driven processes. The
advantages of HP driven processes are that waste heat can be recovered leading to
primary energy savings. Depending on the electricity mix a COz2-ev reduction of 100
% is possible, if the electricity is fully renewable [8].

Fossil fuel driven EH
100 % Flue gases Waste heat $§$
CO, emissions 10% 100 % )R
Process heat
‘ 100 % e e B B
P #
Fossil fuel Steam boiler Process
110 % b .
Process heat
( ~ "Fossil fuel v %)
Heat pump driven
Process heat
100 %
0%-33% Waste heat
CO,emissions }}5‘?
({4

F Heat pump
o
IIEI? _":"\' O I(COP = PEESS heat = 40)
Electric power
Electric
power Process
25%

Waste heat recovery
75 %

Figure 154 Comparison between conventional combustion-based steam generation and HP
driven processes; in this figure . (dot) is used as decimal point instead of a , (comma) [8]
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Table 34 (in this table . (dot) is used as decimal point instead of a , (comma)) shows
a summary of studies on SGHP all over the world. The table shows that there is not a
single SGHP technology, but several different concepts and combinations [120].

Table 34 Research studies of SGHP over the world; in this table . (dot) is used as decimal
point instead of a , (comma) [120]

Heating  Heat source Steam COP

0%::::’:""‘ capacity temperature temperature (*C) He:;g]ur:z::‘;\'rcle. Refrigerant (source/sink R:?::;“
? (kW) (*C) (flow rate kg/h) b temperature °C) =
HTHP + flash tank Chang et al.
3 ; 28 (422 ) : 2 8
. —— 300 60 128 (422) fiton R245fa na. (2016) [13]
orea [nstitute of R
Energy Research 100 70 120 FEEEE 3 Zach ek, R245fa 305(0120)  panectal
R HTHP = IFX + flash iy
" + + flas . eeetal.
25 60 104 - 123 b velva R245fa ~ 3.5 (60/105) 2017) [15]
; 2.95 (60/125) Kang etal.
. i - 12 R 3 2 : =
Seoul National 6-8 60-70 115 - 125 (10.8) HTHP, piston R245fa 3.59 (60/115) (2019) [9]
University. Korea 13 ) 5138 HTHP + steam 5 339 (80/125) Yoo et al.
8-12  60-% 15-123 reservoir + MVR KA 272(60/115) (20171 [3]
Tokyo Electric Power, " R&01 & Yamazaki and
Mayekawa. Japan 40 80-90 130 HD, (pentane) 150130) Kubo (1986) [16]
i R134a/R245fa Kaida et al.
Ko St Lidy, U0 290 R HTHP + MVR, (SGH165) 25 (0/165) (2015) [4]
CRIEPL and electric i =
RS e 180 2565 120 (20) SCTEW R245fa 3.2 (65/120) Kuromaki
PR - - {(8GHI120) (2012) [#]
Mayekawa, Waseda 300 80 100 - 18D Transcritical HTHP, R&00 3.5 (R0/180) Kimura et al.
University, Japan = (thermal oil) centrifigal (butane} calculated (20183 [17]
Shanghai Jiao Tong 385 75-85 111 - 150 VHTHP + flash tank. RT18 6.10 (B5/117) Wu et al.
University, China = (evaporation)  (condensation) twin-screw {water) 1.96 (85/150) (2020) [18]
ECN, IBK. 5 ; )
Bronswerk, Smurfit- 160 60 125 (24) sl i 19uzs) Vet
Kappa, Netherlands i -
Olvondo Technology, HTHP (reversed R704 " e Tveit
TFINE diicy, Norsisy 0 $0-20 184,10) Stirling cycle), piston___ (helium) Z1 84188 (2017) [20]
NTNLU, SINTEF. 4 s 3% P R290/R600 5 , Bamighetan et al.
Norway 20 25-.35 115 HTHP cascade + IHX (propanc/butane) 2.1(25/115) (2019) [21]
AlterECO project, 200 35 - 60 #0140 HTHP + IHX + ECO3 comtaining 2 - 3 (50-60/125)  Bobelin et al.
EDF, France - g {condensation) subcooler, two scroll R245fa {evap/cond) (2012) [22]
PACO project. Uni " 505 130 -140 HTHP + flash tank. R718 5 HH Chamoun et al.
Lyon, EDF, France 380 33-93 {condensation) twin-screw (water) 3.3 w121) (2012) [23, 24]
2.3
National Research : HTHP + [HX, RII3 & R123 (T5/135, R113) Linton (1990,
5- z
Council Canada 4 5 Ha3~ 1355 piston (ozone depleting) 3.6 1993) [25, 26]

(607120, R123)

Steam generation from water is basically an energy upgrading process from low-
pressure and low temperature to high-pressure and high temperature. The required
energy (2 632,59 kJ/kg) to lift 20 °C and 0,1 MPa (point A) to 125 °C and 0,2 MPa
(Point B) is visualized in a p-h (pressure-enthalpy) diagram shown in Figure 155 (in
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this figure . (dot) is used as decimal point instead of a , (comma)). A major part of this
energy is needed in the two-phase region for evaporation [125].

(.30 '/ .

Liguid 'J Two-phase Vapor
025 / |
/ |
s T~ 2632.50kW —;%
020f | :
o Vs [ B
& | '
= ' [
5015k u
& ! I
i | [
S RT :
e UIUE / I
1 ! 2632.59kW 2
0.05
0.00 L i I i o A 1 i
) 200 400 2600 2800

Enthalpy/ kJ-kg!

Figure 155 Required energy for steam generation visualized in a p-h diagram, A: 0,1 MPa,
20°C; B: 0,2 MPa, 125 °C; in this figure . (dot) is used in difference to , (comma) as decimal
point [125]

Figure 156 (in this figure . (dot) is used as decimal point instead of a , (comma)) shows
four different paths to get from A to B. On the left side (a) the direct path is shown
which could be approximated by multiple compression and heating stages. If this path
is technical realized very high CAPEX and much control effort is needed. Therefore,
this application is not practical used. The right side (b) shows three different paths,
which are characterized by the three processes compression, heating, and expansion.
In process 1 the water is compressed to the final pressure in the liquid state and then
evaporated at a high temperature level. This process saves compression energy,
because of the higher density in the liquid state, but needs a lot of thermal energy at
high temperatures (~ 120°C) for evaporation. In contrast, process 2 evaporates at
atmospheric pressure (~ 100 °C) and compresses the saturated steam to the final
pressure. Process 3, firstly relaxes the water to 0,05 MPa to evaporate at 85 °C.
Afterwards the saturated steam is compressed from 0,05 MPa to the final pressure

[125].
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Figure 156 Multiple processes in the p-h diagram to achieve steam generation (getting from
point A to B), a) direct path, b) three different paths based on relaxation, heating an
compression; in this figure . (dot) is used in difference to , (comma) [125]

It cannot be said in general, which of the following paths for steam generating is for an
existing plant the best suited on. The most promising set up, depends on the needed
temperatures, pressures and the given infrastructure on site. Figure 157 shows a T-Q
diagram (temperature-heat load) and the path 1 and 3 (compare Figure 156) to
connect the points A and B. The areas | to Ill show the exegetic losses of the paths.
The exergy losses for path 3 are lower than for path 1 not including the exegetic losses

of the compression [125].

140 125°C,
T.=125°C f HPSH

120 b
E_J 100 F
2 sl [
g 1" (80°C.liquid) 2 (R0°C,
¥ ]

a0 F vapor)
3
= a0}

20t

A
00500 1000 1500 2000 2500 3000

Heat load! kKW

Figure 157 T-Q diagram of the different paths to evaluate the exegetic losses, area | to lll
symbolize the exergy losses [125]
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In the way of the given infrastructure on site it must be distinguished between closed-
loop and open-loop systems. Closed-loop systems (see Figure 158) use steam as
heating medium in a closed circuit. With this setup large amounts of thermal energy
can be transferred isothermal in condensing HEX. Closed-loop systems can be driven
by a HT-HP using excess heat as source for lifting a sink to the needed temperature
level. The sink can either be used in a steam generator to fully evaporate steam (path
1 or 2) or to heat a water circuit, which is expanded in a flash tank to generate steam.
Beside that open-loop systems (see Figure 159) use steam directly. High temperature
excess heat is used to evaporate water at low pressure. The steam temperature and
pressure is then lifted by mechanical vapor compression (MVC) (path 3). Alternative
low pressure excess steam can be utilized by mechanical vapor recompression (MVR)
and recompressed to higher pressures. There are also combinations between these
technologies shown in Figure 160 [8], [126], [127].
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Figure 158 Closed-loop steam generating units; (top) with flash tank, (bottom) with steam
generator [8], [126]
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Figure 159 Open-loop steam generating units with MVC [8], [126]
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Figure 160 Combined steam generating unit steam generator + MVC [8], [126], [127]
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Flash drum (Steam-1)

A flash drum (steam drum) is a unit that can generate water vapor (steam) by relaxing
saturated water. The idea of a flash drum is explained by the help of Figure 161 (top).
Saturated liquid (1) is fed into the steam drum (2) by passing a throttling valve where
it undergoes a reduction in pressure. While entering the steam drum a diffuser reduces
the velocity of the incoming liquid and spreads it across the whole cross-section of the
vessel. During the pressure relaxation flash evaporation occurs and parts of the
saturated liquid flashes into vapor. During the relaxion the saturated water and vapor
is cooled to the saturation temperature at the reduced pressure. The separation of the
two phases in the vessel is done by gravity and the differences in density. The water
vapor is drawn off at the head (4) traveling through a mesh pad which minimizes the
entrainment of any liquid droplets in the vapor. In the following pipes water is sprayed
into the stream to saturate the steam. The saturated steam is either used directly or
compressed and superheated by an MVC (B). The evaporated water is replaced by
fresh water (A) and drawn off at the bottom of the steam drum. Afterwards the water
stream is compressed by a pump (3) and heated by a HP (5). In the pressure control
unit, the pressure is adjusted to prevent evaporation in the pipe until it reenters the
steam drum. The bottom of Figure 161 compares a traditional thermal boiler and a HT-
HP with flash-tank in a T,s-diagram. Most of the needed energy (for evaporation) is
provided by the HP. Only a small part of the needed energy (for lifting the steam
temperature) is consumed by the compressor (MVC). The numbers 1 to 5, A and B
describe in both figures (top and bottom) the same states [128].
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Figure 161 (top) Integration of a HP in a flash drum system, (bottom) T-s diagram of the
flash cycle compared to a typical evaporation in a thermal boiler [70], [128]
If a single component liquid flashes by reduction of its pressure the amount of
generated steam can be calculated by a simple heat balance around the throttling
valve shown in Equation (13) [128].

Cp, Ty (Tl,sat. - Tz,sat.)

Hy — Hy
- AH, 1, (13)

Xsteam= H4 _ Hz

Xsteam weight ratio of vaporized liquid / total liquid mass

H, Enthalpy of the saturated (sat.) liquid at the higher pressure in kJ/kg
H, Enthalpy of the saturated liquid at the lower pressure in kJ/kg

H, Enthalpy of the water vapor at the lower pressure in kdJ/kg

T} sat. Temperature of the saturated liquid at the higher pressure in K
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T, sat. Temperature of the saturated liquid at the lower pressure in K

specific heat of the saturated liquid at the higher pressure in kJ/(kg K)

Cp, T1,sat.

AH, 1, heat of vaporization of the saturated liquid at the lower pressure in kJ/kg

Depending on the pressure of the saturated liquid and the relaxation in the steam drum
different temperatures of the HP are needed. In Figure 161 exemplary a relaxation
from 1 bar to 0,5 bar leading to an evaporation temperature of 80 °C is shown. At
atmospheric pressure the liquid is saturated at around 100 °C what correspond to the
sink temperature of the HP. A simulation of the ecop RHP for this temperature is shown
in Figure 162. It is assumed to have a waste heat source of 80 °C leading to a COP of
5,34. In this case an MVC can be used to compress the steam to higher pressures
[68], [128].

Input:
Q-Sink-out 700 kW
T-Sink-out 105{"C
T-Sink-in B0|"C
T-Source-in 20|°C I 80 *C H H 105 *C I
V-Source 40im*/h : S
_ PN
Output; ’ l\:_.;ﬁl e
cop 5,34]- O o
Electrical Power 131 kW [~
Q-Sink-out 700|kw ‘:'_':r
Q-Source-in 628 kW I 80 °C i i 66,1 *C I
T-Source-out 66,1|°C
V-Sink 25,2|m*/h
Main rotor speed 1479 |U/min

Figure 162 Simulation of the ecop RHP for a flash tank use case (Steam-1) at low
temperature [68]
Figure 163 shows a simulation of the ecop RHP to generate steam with 133 °C / 3 bar
for direct utilization. The COP in this case result in 3,04. One ecop RHP in this setup
can provide 1 t/h saturated steam with 133 °C if the freshwater feed has 40 °C [68],
[128].
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Input:
Q-Sink-out 700 kW
T-Sink-out 1401°C
T-Sink-in 132{°C
T-Source-in 100|°C I 132 °C i I 140 "C I
V-Source 40|m3/h # 4
T —
Output: |1r‘1.r\'>:T:J/'lr|lu"
COoP 3,04 O Oo +
Electrical Power 230 kW m
Q-Sink-out 700 kW :‘_";F
Q-Source-in 535 (kw I 100 *C i i 88,0 °C I
T-Source-out 88,0|°C
V-Sink 79,7 |m%*h
Main rotor speed 1925|U/min

Figure 163 Simulation of the ecop RHP for a flash tank use case (Steam-1) at higher
temperatures [68]
Steam generator (Steam-2)
A steam generator is in a simplified way a HEX with a lower pressure and temperature
in the inner part being heated by a warmer outer part. The outer part is heated by hot
pressurized water from the HT-HP. In the inner part evaporation takes places and the
steam is taken off at the head of the HEX. The evaporated part is replaced by fresh
water. The separation between the liquid and gaseous phase is done by gravity.

Figure 164 shows a HT-HP driven steam generator circuit to generate saturated steam
with 3 bar (135 °C). Fresh water (A = 1 bar (25 °C)) is fed into the steam generator
(2). Thermal energy from a closed loop with pressurized water (5 bar) and 150 °C (1)
is transferred in the steam generator to evaporate the inner fluid (2) with lower
pressure (3 bar) and a boiling point of 133 °C. The evaporated part (4 = B) is taken off
at the head of the steam generator. The cooled down pressurized water (6 & 3) is
reheated in a HT-HP (5 = 1) before reentering the steam generator. To minimize
exegetic losses in the steam generator the fresh water (A) is often preheated by waste
heat streams [120].
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Figure 164 Combination of a HP and a steam generator [70], [120]

The hurdle of this setup is the big amount of thermal energy at high temperatures.
Furthermore, is the heat transfer within the steam generator problematic because
there are just small temperature differences. The mean temperature difference
between the inner and outer part in the steam generator should be between 10 — 15
K [125]. To reach good COP the HP should be able to work almost isothermal with
very high mass flows. Conventional HP are not suited for this, because they used to
work with a temperature difference between the sink-inlet and sink-outlet [128].

A simulation of the conventional ecop RHP for this use case is shown in Figure 165.
It is assumed to have a waste heat source of 100 °C leading to a COP of 2,91. One
ecop RHP in this setup can provide 1 t/h saturated steam with 133 °C if the freshwater
feed has 40 °C [68], [128].
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Input:
Q-Sink-out 700 |kw
T-Sink-out 148|"C
T-Sink-in 138|°C
T-Source-in 100|"C I 138 *°C E i 148 °C I
V-Source 40|m?/h : i
=y
Output: @ |
cop 2,91]- OOO T
Electrical Power 241 kW —A [~
Q-Sink-out 700 kW ‘:‘_";r
Q-Source-in 528 kW I 100 °C { i 88,2 °C I
T-Source-out 88.2|°C
V-Sink 64,1im*h
Main rotor speed 2034 |U/min

Figure 165 Simulation of the ecop RHP for a steam generator use case [68]

A new concept of the ecop RHP is specialized for providing high amounts of thermal
energy isothermal, with great temperature spreads. This concept is specialized for
generating steam using a HT-HP and a steam generator. The concept is aiming to
reach 60 % of the Carnot efficiency [9], [70].

Mechanical vapor (re-) compression (Steam-3)

Figure 166 shows (left) a mechanical vapor recompression unit and (right) a
mechanical vapor compression unit. MVR is a steam recovery unit which is very likely
used in open-loop systems. Open-loop means that steam is used directly in the
process and not via a HEX. On the left side a steam recovery of relaxed and cooled
down process steam with an MVR is shown. The MVR system recollects the relaxed
steam and compresses it to reuse it in the process. The MVC unit on the right side
works different. Water is evaporated at lower pressures via a steam generator or flash
tank and is afterwards mechanically compressed to higher temperatures via an MVC
[129].
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Mechanical Vapor (Re-)Compression Steam Generation with evaporator:
Heat Pump Cycle
“ 5]
"k :
fi S e D
—— : ]
o g
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v R comermas
— ATham
% Compees
= “*!_::m * 2 Vapur from P ERaae E :xm_
Lo, * Waxts hest
* Direct compression of steam and other vapors * Steam procution directly at the waste heat source
= Direct use of compressed vapors for heating or * Steam compression to necessary pressure and
steam generation Temperature

Figure 166 (left) Recompression via MVR of the vapor in the process, (right) MVC
Compression of generated low-pressure steam [129]
Figure 167 shows an industrial example of an MVR system. In this process, parts of
the low-pressure steam with 100 °C from a drying process is drawn of and
recompressed in an MVR to 150 — 160 °C. The superheated steam is then mixed with
low-pressure steam and fed back into the drying process [129].

OCIRCLE MVR SYSTEM

Superheated
_____________ steam cycle

Condensate

Recycled waste steam
from product

Wet Product In Dry Product Out

Figure 167 Industrial example of an MVR system integrated in a drying process [129]

Figure 168 (in this figure . (dot) is used as decimal point instead of a , (comma)) shows
a MVC example of the manufacturer Epcon. Hot pressurized water is being relaxed in
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three serial flash tanks generating steam at different pressure levels and
temperatures. The lower pressure steam is compressed until the pressure level of all
flash stages are equal. In following serial MVC, the steam is compressed to higher
pressures. Between stages water is sprayed into the system to saturate the
compressed steam. The number of compression stages with given compression ratios
defines the end temperature of the steam. In this case the supply of 15 MW thermal
energy requires 2,5 MW electricity for compression. The compressed steam is used
at three different temperature levels. 5 MW thermal energy are used at 110 °C, 5 MW
at 130 °C and 5 MW at 150 °C. The unit to heat the 70 °C outlet stream of the last
flash tank to the input temperature (100 °C) of the first tank is not specified in more
detail. Exemplary a HT-HP can be used to heat the 70 °C output of the third flash tank
unit to the inlet temperature of the first flash tank (100 °C), requiring some kind of
source stream [130].

Direct MVR-HP system, utilizing the several stage compression
to optimize process integration, and water steam supplied to
distillation- and boiler processes.

[ 3
A
@ ———
Energy supply Energy cons. CoP
15 MW {Po) 2.5 MW 6

bbb w

110 °C
5 MW 150 °C

Main data:

= Source: Hot water/District heating
* Flashed (avoid LMTD in HX)

* Tempinlet: 100to 70 *C

* Tempoutlet: 11010 150 °C

130 °C —
5 MW

70°C |
@

Figure 168 Example for flash tank with MVVC driven steam supply; logarithmic mean
temperature difference (LMTD), heat exchanger (HX) ; in this figure . (dot) is used as
decimal point instead of a, (comma) [130]

Table 35 (in this figure . (dot) is used as decimal point instead of a , (comma))
summarizes the compression units of an exemplary MVC/R manufacturer depending

on the required pressure, temperature and capacity [130].

September 2023



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Seite | 166

Table 35 Summary of different MVC/R compression units, PD blowers = positive
displacement blowers; in this figure . (dot) is used as decimal point instead of a , (comma)
[130]

=2 0O ¥ T & &

; Max dT Footprint Max ; Max tip
CF&? [Clper  [mZlper  supply Em[c%' g speed
stage stage temp [m/s]

PD blowers > 150-5000 15-20 =1.5 130 50 -
Compact 200-5000 8-12 =15 150 7585
MVR-fans Z 5 sl = =
3000-
MVR-fans > e 8-12 52 150 75-85 315
MVR centrifugal il 15-20 >4 200 75-85 400
compressor 55000

Manufacturers like to specify a COP for MVC/R system what is in a thermodynamic
perspective not correct, because COP are defined for thermodynamic cycles. If
manufactures define COP for MVC/R system, they compare the heating value of the
compressed steam with the electrical input. Therefore, the COP is very much
dependent on the pressure level of the steam supply. The needed electricity increases
with the needed compression ratio and the compression stages [120].

Combined systems
Depending on the needed temperature and pressure combined systems (HT-HP +
MVC) may be the best solution. While MVC/R systems cannot evaporate by itself, HT-
HP driven flash tanks and steam generator are limited in the resulting steam
temperature and pressure.

The project “Advanced Heat Pump Demonstrator” (AHEAD) is aiming to test a HT-HP
and MVC driven steam generation for the industry. The project partner Takeda needs
2,5 t/h steam with 184 °C and 11 bar for its pharmaceutical processes. Figure 169
shows the simplified setup of the process. Waste heat of 35 °C from the Takeda
refrigeration system is lifted with a conventional HP to 70 °C. This stream is used as
source for a HT-HP to evaporate fresh water at 3 bar (134 °C). In a following MVC
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system, the saturated steam is compressed to 11 bar (184 °C). A successful
integration leads to a reduction of 90 % of the currently used fossil fuels [131].

Kiltever- Bestand AHEAD system Dampl-
ﬁnr.]ung \-’ﬁl”iﬂ!’(]lll"l]

11 bar{al
A7 T, Damplerzeugende S, Dampf- 184°C
Warmepumpe ) iz : ; ?
Warmepumpe verdichter
Speisevasser
= Heizleistung der AHEAD-Anlage = 4000 Stunden wissenschaftliche - Dampf mit 11 bar{a) und einer
2,5 to Dampf / Stunde messtechnische Begleitung Kondensationstemperatur von 184°C

Figure 169 Simplified setup of the HT-HP and MVC driven steam generation in the AHEAD
project [131]
Other examples for combined systems are shown in the case studies of the MCV/R
manufacturer Epcon. Figure 170 (in this figure . (dot) is used as decimal point instead
of a, (comma)) shows a combination between an air source HP for evaporation at low
temperatures with a steam generator and a MVC to lift the steam to the needed
temperature level (110 and 120 °C). The COP of the overall system result is 3,1 [130].

El 400 kW 5C
1450 kW i
—
:

Traditional-HP bottom cycle with LP steam supply, combined NHS - MVR-HP: EI.250 kW
with indirect MVR-HP top cycle supplying HP steam directly to = Feed water, 85°

clients’ process.

@ A =

Energy supply Energy cons. copP w

2000 kW (P.) BE0 KW 3.1

EVAP 40°C

Figure 170 Example for MVR & HP + steam generator driven steam supply; in this figure .
(dot) is used as decimal point instead of a , (comma) [130]
The Austrian Institute of Technology (AIT) investigated a combination between
geothermal heat and steam generation. In Figure 171 (left) is a combination between
geothermal heat used as source for an HP in a steam generator and (right) a direct
evaporation with geothermal heat in a steam generator with an MVC unit [127].
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Dampf

MVR

Dampf,
bspw. 3 bar,

Dampf,
bspw. 1 bar,

|

El Energie

-

Speisewasser

~100°C <m—
Speisewasser ~110°C -

El. Energie

Figure 171 Combination between geothermal heat and a HP for steam generation, (left) HP

uses geothermal heat as source for evaporation of feedwater in a steam generator, (right)
geothermal heat is used directly in a steam generator for evaporation and an MVR is used
for increasing the pressure [127]
The EU funded project BAMBOO focuses on the efficiency improvement of heavy
industrial process. As part of this project, it was investigated if waste heat of a steel
manufacturer can be utilized by a HP for steam production (Figure 172). During the
waste rolling of strips excess heat with 80 °C occur. A closed-loop HP utilizes this
waste heat to heat the condensate stream of the pickling line. The heated-up stream
is relaxed in a flash tank generating steam. If higher pressures are required MVC
systems are used to compress the steam. At the time of the research the HP was not
implemented in the facility, but a Demo site based on a m1337mzz piston HP was built
and tested successfully by the French company EDF. The system COP is 2,95 and
1,9 in the lab test for delivering 2 and 5 bar saturated steam. The integration led to a
reduction of final energy of 69 and 53 %, reduction of primary energy of 46 and 11 %
and a reduction of CO2 emissions of 63 and 47 %, respectively 100% if the electricity
is fully renewable. For this comparison a gas burner with an efficiency of 90 % was
used. Furthermore, gas and electricity energy primary factors of 1,1 and 2,1,
respectively greenhouse gas emission factors of 271 and 275 gCOz-../kWh were used
[8].

natural gas

steam

k
”e“r” HIGH TEMPERATURE

s HEAT PUMP

RAW IRONMAKING k—. SEMI-FINISHED FINAL

MATERIALS AND STEELMAKING PRODUCTS TREATMENT PRODUCTS

ADVANCED FLAME
MONITORING SYSTEM

|

natural gas

Figure 172 Waste heat utilization for steam generation in a steel plant [8]
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Some key findings of the heat pump integration into the steel plant are summarized in

the SWOT analysis in Figure 173 [8].

STRENGTHS

WEAKNESSES

» Making use of waste heat, i.e. increase
energy efficiency.

« Possibility for CO,-neutral electrification,
i.e. decarbonized process heat.

+ Possible independency from fossil fuels.

« The goal of producing steam with a
pressure of 5 bar (152°C) was reached
within the BAMBOO project.

OPPORTUNITIES

« A new installation of a heat pump
requires careful planning.

« Dynamic operation limited.

« Higher CAPEX.

« More complex equipment and more
individual parts, therefore more
vulnerable supply chains.

THREATS

« Applicable in other industry sectors (e.g.

food & beverage, chemical, pulp and paper).

« Possibly cutting OPEX, esp. regarding
emission certificates and energy efficiency.

« Enables integration of renewables through
electrification (Power-to-heat).

« Possible use of various heat sources
(geothermal, solar, ambient).

« Simultaneously heating and cooling
possible (benefit increases).

« Possible high electricity-to-gas price
ratios (including emission certificates)
extend the payback period.

« Use of renewable gases may prevent
use of more efficient heat pumping
technologies (cmp. strengths).

Figure 173 SWOT analysis of the steam generating HP into the steel plant [8]

Economic efficiency steam generation
The study SuPrHeat investigates the hurdles of replacing an existing steam supply
system with a HP driven one. In Figure 174 they summarized some major points to
keep an eye on if the steam pressure of the supply system is reduced. If a pressure
reduction of the steam supply is not an option MVC can be used to increase the steam

pressure [132].
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The operation is not as sensitive to sudden
changes in load, so thermal mass is not strictly

required,

Steam accumulators or other types of
thermal energy storages, however, may
become attractive to offer flexibility and
exploit the fluctuations in the electricity price.

The steam is produced at the
lowest possible pressure by a
High Temperature Heat

Pump. 1

The COP and therefore the
electricity consumption of the
Heat Pump Is directly refated
to the temperature lift.

As the temperature of the condensate is
loweer, flash losses on the condensate

recovery system are reduced.

High degrees of subcooling of the
condensate return, however, may cause
hammering at the mixing point with flash

steam,
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With a lower pressure on the steam
system, the capacity of the temperature
control valve is reduced.

While these valves are usually ovesized,
valve capacity must be checked when
Iowering steam pressure as replacement
of the valve seat or complete valve might

be needed,

The Heat Exchanger may
have to be replaced with a
bigger heat exchanger due
1o a smaller temperature
difference. A minimum
temperature difference with
the process will probably be
the lower limit for lowering
the pressure.

The lower steam pressure will cause
stall conditions maore often.

In order for the steam condensate to be
carrectly discharged, replacing the
steam trap with a vacuum pump may

be required.

Figure 174 Important points that must be considered if the pressure is being reduced in an

existing steam supply [132]

Table 36 Parameters for economic efficiency analysis [70]

The electrification of the steam generation comes with hurdles to overcome, but with
a great potential in CO2-ev savings, if the electricity is renewable generated. Beside the
environmental aspect an electrification can also make sense in an economic
perspective. As mentioned above is the economic aspect very much dependent on the
needed temperatures, pressures, the given infrastructure on site and the supply
structure (continuous, batch, ....). SGHP are better in continuous low temperature and
pressure systems in a medium scale. A comparison of costs between a SGHP system
with a steam generator, a flash tank and a gas reference scenario based on (Table
36) has been done. The systems are calculated to produce 1 t/h steam with 133 °C (3
bar). The source of the HP is assumed to be available from excess heat [70], [132].

Economic analysis Steam generator | Flash Tank Gas Unit
Electricity price 0,075 0,075 0,075(€/kWh
gas price 0,025 0,025 0,025(€/kWh
Electricity/gas price ratio 3 3 3
approximated HP COP 2,9 3,04 /

gas boiler combustion efficiency / / 0,9

CO2 price / / 113(€/t

CO2 emission factor / / 0,201 |g/kWh
FLH 4000 4000 4000|h/yr

HP System additional costs 640 640 /1€/kWh
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Figure 175 shows the results of the economic analysis for a HP with a flash tank (top)
and a steam generator (bottom) compared to the reference scenario with a gas boiler.
In blue are the discounted total costs of the HP system including electricity costs and
CAPEX. In orange are the total discounted costs of the gas boiler case including
CAPEX, gas costs and COz2 costs. For both HP systems the results are similar and
with the given assumptions the dynamic payback period is 6,15 (top) and 6,58 (bottom)
years. FLH of 8000 h/yr would shift the dynamic payback period to ~ 3 years. The HP
options have higher CAPEX, because the HP is more expensive than the gas boiler.
The additional needed plant components (flash tank, pumps, pressure control valve,
...) are for the HP system and gas system very similar. The OPEX of the gas scenario
are higher because, of the CO2 costs. Over a lifetime of > 20 years a significant amount
of money can be saved by the HP driven systems. A hurdle to overcome are the higher
CAPEX and the resulting DPP of > 3 years. The similar functions for both HP systems
result in approximately the same investment costs and similar COP [70], [120].

3000 000

2500 000
w ——
c o—
"Z. 2000000 _—
= e =
S 1500000 =T 1
E 1000 000
£ !
i =
5 500 000 =" _
v
1]
o
Q

-500 000

-1000 000

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

——HP-Costs —— Gas-Costs ——— Delta years after purchase inyr

2500000
w 2000000
=
%‘ 1500000
a
2
2 1000000
©
£ 500000 =T
£
w
7]
=]
(&)

-500 000
-1000 000
1 2 8 4 5 6 F 8 9 10 11 12 13 14 15 16 17 18 19 20

= HP-Costs Gas-Costs Delta years after purchase inyr

Figure 175 Total costs for steam production (CAPEX + OPEX) for a HP with (top) flash tank,
(bottom) steam generator and a reference scenario [70]

A separate calculation for MVC/R system has, because of missing CAPEX data not
be done.
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Summarizing it can be said that a combination of a HP with a steam generator or flash
tank have both advantages and disadvantages. The flash tank system can reach
higher COP because of the lower temperature level, but is more complex. The higher
complexity results from a more difficult separation between the gaseous and liquid
phase in the tank. In the flash tank the steam mass flow is limited by the maximum
outlet velocity of the diffuser. The flash tank is the preferred option if the HP can just
provide temperatures < 100 °C or an MVC system is available at low costs. Steam
generators are simpler and have a little lower CAPEX. The difficulty is to ensure a
good heat transfer between the HP circuit and the steam generator. Depending on the
heat transfer in the steam generator and the achievable temperature level of the HP
the maximum steam temperature is limited. With HP sink temperatures of 150 °C the
maximum saturated steam temperature is ~ 133 °C. For higher temperatures either
the HP sink temperatures must rise, or MVC systems are necessary. For the HP case
a concurrence of the steam demand and the waste heat supply is necessary.

Potential steam generation

A study investigated the process heat < 150 and < 200 °C demand of the four most
IHP suited industries paper, chemical, food and refinery. The IHP coverable process
heat demand of these four sectors in the range < 150 °C result in 641 PJ/a. The study
shows, that around 20 GW thermal power are necessary to provide the needed
thermal energy demand. The same literature investigated usual processes in these
industries. The results show that 47 % of the processes are based on steam.
Considering these assumptions, the European steam generating HP market in these
four industries result in 9,4 GW. With a thermal power of 0,7 MW per ecop RHP the
steam generating ecop RHP market potential results in 13 429 pieces [4], [9], [133].

Considering that according to [118] the steam boiler market will grow until 2032
annually by 5,5 %, in 2030 1 138 TWh of primary energy will be needed for steam
production in Europe. The 9,4 GW in the four industries mentioned above are less
than 8 % of the theoretical steam generating potential 2030 in Europe (technical
potential) [118].

In a presentation Mr. Arpagaus, professor at Ostschweizer Fachhochschule, shows
that the stock of fossil boilers in Europe are more than 18,2 million pieces. The stock
of oil and gas boilers in EU28 countries is shown in Figure 176 (in this figure °
(apostrophe) are used as thousand-digit-draw). The largest numbers of fossil boilers
are in Germany, UK, ltaly, France, and Belgium. More than 3,1 million of them are in
an industrial size. If the replacement rate of industrial gas and oil boilers by IHP is only
1 % more than 30 000 units are necessary. The presentation of Mr. Arpagaus as well
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as the growing steam demand in Europe show that the assumption of 13 429 ecop
RHP pieces is very conservative [8], [120].
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Figure 176 Stock of fossil boilers in European countries; in this figure ‘ (apostrophe) are used
as thousand-digit-draw [120]
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5 Summary

5.1 Industrial heat pumps

Around 40 % of the global final energy demand accounts for the industry. 60 % of the
energy demand in the industry is thermal energy. A significant amount of the thermal
energy is currently provided by burning fossil fuels leading to high CO2 emissions. 10
% of the global CO2 emissions accounts for thermal energy in the industry. In order to
decarbonize the industries energy supply sustainable technologies for the generation
of thermal energy are needed. One of the most promising concepts is Power-to-Heat,
with the prerequisite that the electricity is generated by renewable sources. There are
different Power-to-Heat technologies for the needed temperature levels in the industry.
High temperatures (> 500 °C) and medium temperatures (> 200 °C) can be provided
by burning hydrogen, electric heater, or biomass heater (no Power-to-Heat). For
temperatures < 200 °C heat pumps are the most effective solution. But heat pumps
cannot be used in any < 200 °C application. Conventional heat pumps can reach
temperatures up to 90 °C, whereas industrial heat pumps fill the gap to 150 - 200 °C

[1], [2], [3], [4].

Current industrial heat pump demonstrator can reach temperatures up to 150 — 165
°C. Annex 58 of the International Energy Agency is aiming on high temperature heat
pumps and is collecting information about manufacturers and demonstration sites.
More information can be found here [12].

Heat pumps offer the possibility to provide two to seven units of thermal energy with a
single unit of power. This ratio is called coefficient of performance. In order to do so
heat pumps utilize low temperature excess or environmental heat on the source site
to lift the temperature level of the sink site. The possibilities of heat pumps to very
efficient provide thermal energy, lower operational expenditures and having low CO2-
evemissions comes with hurdles. These hurdles are the simultaneous need of excess
heat supply and process heat demand, high capital expenditures, longer payback
periods and a more complex system [1], [6], [8], [9], [10].

The reference industrial heat pump in this thesis is the rotation heat pump (RHP) of
the Austrian manufacturer ecop. Their heat pump has a nominal power of 700 kW and
can provide temperatures up to 150 °C with a maximum temperature lift between the
source inlet and sink outlet temperature of 55 K. The rotation heat pump has per- and
polyfluorinated chemicals free, non-flammable and global warming potential <1 noble
gases (Helium, Krypton, Argon) as working fluid. The working fluid does not enter the
two-phase region during the closed cycle process of the rotation heat pump.
Therefore, is the process, unlike conventional heat pumps, not based on the carnot
process, but on the joule process. The compression of the working fluid is done by
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centrifugal forces of a rotation rotor with high-pressure heat exchanger at the outer
part (sink side) and low-pressure heat exchanger (source side) close to the axis. The
pressure losses in the closed working fluid circuit are compensated by a fan [23].

5.2 Economic analysis and commodity prices

The economic feasibility in this thesis is based on a total cost of ownership analysis.
In the total cost of ownership analysis, all relevant income and expenditures are
determined. The investment decision making procedure in this thesis is the dynamic
payback period and levelized costs of heat. It has been shown that the payback period
is one of the major factors in industries investment decisions and should not exceed
two to three years. The interest rate for the dynamic calculations is assumed to be
constant 3 % for an investment horizon over the next 20 — 30 years. The presented
heat pump solutions are compared with a gas boiler as fossil reference case. A
sensitivity analysis showed that the most relevant factors in the economic analysis are
the power to gas ratio, the yearly full load hours, and the carbon prices. Due to the
very small impact of maintenance and disposal costs these parameters have been
neglected. Several predications have been investigated to find good assumptions for
the future commodity and electricity price trends [10], [24], [25], [26], [31], [32].

If long payback periods occur also contract models for the supply of thermal energy
are possible. Based on full load hours, expected electricity prices and coefficient of
performance a specific price of thermal energy can be specified. These contracts
usually include more details like heat purchase commitments, maturities, and others
[10], [22], [26], [31], [32].

The commodity and power price trends mainly differ according to scenarios. The most
relevant scenarios are shortly explained down under. The scenario “central’ is based
on Europe stopping to import Russian gas. Therefore, the European natural gas price
is determined by the global liquified natural gas price. The energy system will strongly
decentralize with a significant expansion of renewables. The “Tensions” scenario is
based on increasing tensions between Europe and Russia and higher CO2 prices.
Therefore, the early natural gas prices are higher in this scenario. The “Relief’ scenario
is based on a better relationship between Europe and Russia. Europe decreases the
amount of fossil fuels slightly. The renewable expansion target, which were set during
the crisis, are kept in place. “GoHydrogen” focuses on a fully decarbonization until
2050 comparable to the international energy agency “Net Zero” scenario [32], [34],
[371], [40].

The power to gas ratio, is the ratio between the price for electricity and natural gas.
Among the European Union there are big differences in the power to gas ratio.
Simplified lead high national CO2 prices combined with a high share of renewable

September 2023



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verflgbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Seite |176

generated electricity to low power to gas ratios. The most attractive market is
Scandinavia, as well as France, Portugal, and Bosnia with ratios between 1 and 2,5.
High ratios > 3,5 can be found in Romania, United Kingdom, Hungary, Croatia, and
Slovakia. The European average of the power to gas ratio was between 2008 and
2022 in the range of 2,0 and 2,5 tending to slightly increase over time. Forecasters
agree that an electricity to gas ratio of about 3 will occur in 2040. After 2040, the
scenarios differ and forecast ratios show values between 2,0 and 4,2. This thesis
agrees on an European Union average of 3 of the power to gas ratio for an investment
horizon of 20 - 30 years, but points to large national differences [32], [34], [37], [40].

In 2021 an average industrial user in Europe paid 40 - 45 €/ MWh taxes for electricity
and 6 — 6,5 €/ MWh taxes for gas. Two-thirds of the revenues from power taxes are
then used to subsidize renewable energies. The net effect is that the decarbonization
of the electricity supply is subsidized, while disincentivizing the electrification of
industry by favoring the use of gas. A review of the taxation framework by favoring the
direct use of electricity would accelerate the switch away from fossil fuels [1].

Specific costs for heat pumps in the literature vary between 300 — 1000 €/kWhy,
depending on the manufacturer and their scope of services (additional equipment,
labor and costs associated with design and installation, ...) [9], [10]. In Europe there
are variable national capital and operational expenditures subsidies for heat pumps.
A short summary is given in Table 8 [41]. This thesis uses a conservative specific
investment cost of 700 €/kW, including subsidies, average costs for ancillary
equipment, labour associated with the design and installation, and costs associated
with the design and installation.

In Europe, greenhouse gas pricing distinguishes between industries with very high
greenhouse gas emissions, which are priced directly via certificates, and all other
emitters, which are priced indirectly via taxes. The European emissions trading
scheme is a “Cap & Trade” system which was introduced in 2005. It includes > 10,000
plants in the energy sector and energy-intensive industries. Facilities can redeem COz2
-certificates for released emissions or, if they are not needed, trade them on the
market. Detailed information about exceptions and regulations can be found in 3.4.
Industries must pay for their Scope 1 emissions, which occur in the plant itself, for
example through the conversion of fossil fuels for the generation of thermal energy.
Scope 2 and 3 emissions must not be covered with certificates by the industries [42],
[43], [44]. For example, the generation of 1 kWh of thermal energy using a modern
natural gas boiler emits 202 gCO2-ev/kWh. The combustion technology used is relevant
due to the efficiency of different plants. The COzev of other fuels, as well as a
calculation tool (Excel) for COz2ev emissions for thermal energy and electricity
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production can be found in [49]. Sectors that are excluded from EU-wide certificate
trading, like transport, housing, waste, and agriculture are considered nationally
through annually increasing CO2 taxes. However, due to the relevance of these
sectors, a certificate trading system is to be introduced by 2027 [45], [51].

All predictions agree that the price of COz-ev certificates will rise in the future due to
the generated shortage of these. Some studies believe that the price will settle at
around 113 $/t, since carbon capture and storage will be economical from this value,
while other studies predict CO2-ev prices of above 180 €/t. This thesis will use a carbon
certificate price in Europe of 113 €/t, with the assumption that carbon capture and
storage will become technological and economical feasible and to weight the early
future with more solid price assumptions more than more distant time periods [2], [34],
[37].

The values of the most relevant economic parameters are summarized in Table 37 [2],
[32], [34], [37], [40].

Table 37 Summary the most relevant gas boiler and HP parameters for later economic
calculations [2], [32], [34], [37], [40]

Variable Value Unit
q_acs boiler 0'9 -
Cgas 0,025 €/kWh
reference scenario | /e 202 g/kWh
Cepn 113 €/t
CAPEXgss boiler 150 €/kwW
c?iprrrfrl’r_r 0,075 €/kWh
) case
HP scenario cop depending
CAPEXp 700 €/kwW
interest rate i 3 %
case
full load hour FLH depending h/yr

The approach of the thesis is to work out the economic solutions of the technical
potential. By including future developments and the future trends of the most important
economic parameters like heat pumps capital expenditures, subsidies, CO2 prices,
electricity prices and gas prices, the market potential is determined [40].

5.3 Market potential Europe

In Europe roughly 3000 TWh/yr of thermal energy are used in the industry. Around
600 TWh/yr are < 200 °C what is the long-term temperature target for industrial heat
pumps. 200 — 300 TWh/yr are estimated to be suited for industrial heat pumps due to
the availability of suited waste heat sources. The greatest potential in this temperature
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range is in Germany, ltaly, United Kingdom, France, Finland, Spain, and Sweden [8],
[9], [52].

The study [11] assumes that the industrial heat pumps market in Europe are 174 TWh.
Figure 177 shows industries with a process heat demand below 150 °C. The sectors
food and tobacco, paper and chemical have the highest low temperature process heat
demand.

Exemplary applications in the food industry are steam production for sterilization,
concentration, boiling, baking, vaporization, and pasteurization processes.
Furthermore, hot water is used during the bottling process (washing and sterilization),
and the brewing process (mashing, lautering, wort boiling). But also, in the PET bottle
industry process heat between 100 — 150 °C is needed for injection molding of plastic
preforms or pellets drying. There are several drying processes, which need < 150 °C
such as starch drying, wood drying, paper drying, laundry drying, brick drying (air
preheating), drying of animal fodder and others. In the chemical industry steam and
hot water is needed for distillation, concentration, boiling and thermoforming
processes. The wood sector needs temperatures greater than 100 °C for gluing,
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essing and drying processes. The textile industry works in the processes of coloring,
washing, and bleaching above 100 °C [7], [53].
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Figure 177 Market potential of IHP in Europe based on industries and temperature levels [11]

The studies [9] and [52] investigated the pulp and paper, chemical, food and
beverages and refinery sector as the most promising ones for the use of industrial heat
pumps. They estimated the industrial heat pumps suited thermal energy potential
among these industries for < 150 °C to ~750 PJ (208 TWh/yr) and < 200 °C to ~1100
PJ (306 TWh/yr). The needed investment to realize the discussed industrial heat pump
market with unit costs ranging from 200 — 500 €/kW result in 4,5 — 11,5 billion €. The
study names these values as conservative calculations. The investment costs per
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sector are shown in Table 38 (in this table . (dot) is used as decimal point instead of a
, (comma)) [9].

A key message of study [9] is that the investigated industries needs many relatively
small units (88 % of total heat pump units) providing around 50 % of the heat capacity.
To provide solutions for the whole industry, heat pump manufacturer should provide
small standardize machines in high numbers and very big, customized machines
depending on the needed use case.

Table 38 Needed investment to realize the IHP demand in the four mentioned sectors with

unit costs between 200 — 500 €/kWi; in this table . (dot) is used as decimal point instead of a,
(comma) [9]

Sector Cumulative Heating

Capacity, Lower Bound Upper Bound

i}.. o L Investment Investment

Gt GE
(GW) e )

Paper 7.9 1.58 3.95
Chemical 9.1 1.82 4.55
Food 5.5 1.10 275
Refinery 0.5 .10 0.25
Total (X) 23.0 4.60 11.50

Beside the well-suited sectors discussed above study [6] predicts the fraction of heat
pump coverage for process heat < 200 °C in all sectors to reach 40 % in 2050. The
fraction of heat pumps out of the < 200 °C total heat technologies in the market
between 2010 and 2055 is pictured in Figure 178 [6].
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Figure 178 Fraction of heat pump for process heat < 200 °C ; in this figure . (dot) is used as
decimal point instead of a , (comma) [6]
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Beside process heat for industry, district heating is also an interesting sector for the
use of heat pumps. District heating is growing massively all over the world. District
heating systems of the third and fourth generation are characterized by a lower
temperature level and the integration of renewable and waste heat sources into the
system [55]. Heat pumps can either be used in combination with renewable sources
or to lift low temperature excess heat sources. Possible excess heat sources are data
centers, metro tunnels, waste heat in industry, hydrogen generating electrolyser,
sewage water treatment facilities and nuclear power plants. Examples for renewable
sources are geothermal energy, solar thermal energy, or the burning of waste [56].

The target of district heating and cooling is to connect 350 million buildings globally by
2030, providing 20 % of the space heating needs. The total installed district heating
EU28+3 capacity in 2021 where around 300 GW. Roughly 43 % of the district heating
thermal energy is supplied by renewable and waste heat sources pictured in Figure
179. The district heating sales in 2021 where around 500 TWh/yr [58].

Heat sources for District Heating in Europe
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Figure 179 Heat sources for district heating in Europe (2021) [58]

The European capacity of large-scale heat pumps in district heating systems are
around 2,43 GW. The key players are Sweden, Finland, and Denmark. According to
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predictions the amount of heat pumps for district heating in Europe will increase at
least by 80 % until 2030 which corresponds to additional 2 GW [58].

This thesis investigated specific fields for the use of heat pumps in the industry and
for district heating. The focus was mainly on new high temperature applications and
the combination with renewable sources to maximize the COzev savings. In the
following sections the different use cases are described briefly.

5.3.1 Geothermal energy

The geothermal heat power of the earth's crust comes from the radioactive decay of
long-lived nuclides like #%U, 28U, 22Th and “°K. Geothermal system differentiate
between hydrothermal (hot water) and petrothermal (hot stone) storages, open and
closed systems, and the depth / temperature level of the geothermal energy source.
This thesis focuses on hydrothermal open loop systems in depths between 800 — 3000
m and temperatures between 40 — 150 °C [59], [60].

Figure 180 shows the distribution of geothermal energy in Europe. The color indicates
the temperature level, with yellow being cooler and red being warmer. Europe's largest
deposits are in Iceland, France, Turkey, Germany, Hungary, Italy, and Serbia [62].

Figure 180 Overview of the geothermal sources in Europe [63]
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Geothermal energy at the focused temperature level can be used for process heat or
district heating. The generation of electricity in this temperature level is usually
economical not feasible. Hot water from hydrothermal sources can be utilized directly
or in a serial setup. In the direct setup hot water is used in a heat exchanger to heat
the cold side (exemplary a district heat return flow). In the serial setup the geothermal
water is used as source in a heat pump. This thesis identified three ways to combine
the ecop heat pump with a geothermal source [64], [65], [67].

The first use case (Geo1) is designed to increase the thermal power of a geothermal
well and increase the reachable temperatures. Figure 181 shows that the geothermal
feed is utilized in a heat exchanger to lift a district heat return from 55 to 75 °C (467
kW). The heat pump is used to extract another 617 kW from the geothermal feed
cooling it down to 33 °C by using it as source. The heat pump in this setup can reach
temperatures up to 115 °C, and provides 700 kW. Therefore, the thermal power of the
geothermal well is increased from 467 to 1 167 kW. The average levelized costs of
heat of a GeoDH system are ~ 80 €/ MWh. A Geo-1 ecop HP add on would lead to
levelized costs of heat between 46,4 and 83,6 €/ MWh depending on the full load hours
and the electricity price. The HP add on offers the possibility to increase the thermal
power and supply temperature of an existing geothermal well [64], [65], [67].

District heating-VL 80— 90 °C | |

|

i t
[

District heating-RL 55 °C

Depth in m

Figure 181 Doubled use of the geothermal energy based on [67]

The second use case (Geo-2) is designed to provide high temperatures for industry or
old district heat systems with a heat pump if no suited excess heat sources are
available. To generate temperatures of 150 °C with a heat pump source temperatures
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of 90 — 100 °C are necessary. Often no constant excess heat sources at this
temperature level are available. In this case geothermal energy can be used as heat
pump source. This use case can also be combined with Geo-1 if two heat pumps utilize
the geothermal heat flow in series. The levelized costs of heat of the Geo-2 use case
are 104 — 166 €/ MWh. Compared to Geo-1 these costs are significant higher, because
of the higher temperature level. Other technologies to provide temperatures of 150 °C
often come with high CO2-ev emissions. A combination between Geo-1 and Geo-2 can
lower the costs [64], [65], [67].

The third use case (Geo-3) focuses on geothermal sources with lower temperatures.
These can occur in lower depths with significant lower drilling costs, in old oil wells or
in failed geothermal drilling if the expected / needed temperature is not found in
reasonable depths. Therefore, Geo-3 can lower the biggest risk of geothermal
systems, the risk of failed drilling. In this use case the heat pump uses the geothermal
source with 30 — 50 °C as source to lift a sink to a valuable temperature level. If no
costs for drilling are necessary, for example if an old oil well is used the levelized costs
of heat result in 24 — 86 €/ MWh [67].

The HP potential as retrofit to existing GeoDH systems in Europe result in 2,35 GW or
3 357 pieces of the ecop RHP. The resource potential of geothermal power in Europe
exceeds 1 770 TWh or 540 GW. The technical potential for the integration of use case
1 - 3 into new geothermal systems result in 378 GW. If only 1 — 2 % of these systems
are economical feasible the market potential arise in 5400 — 10 800 pieces of ecop
RHP [71], [72], [73], [74].

5.3.2 Hydrogen electrolysis

In the future, green hydrogen will be an important renewable energy carrier in the
energy intensive industry. Today, hydrogen is mostly produced from fossil sources
declared as grown or grey hydrogen. Green hydrogen is produced by electrolysis of
water with the help of renewable produced electricity. The predominant electrolyser
technologies are alkine electrolyser and polymer exchange membrane electrolyser.
During the splitting of water into oxygen and hydrogen, a lot of waste heat is produced.
This chapter examines how waste heat generated during the production of green
hydrogen can be recovered using a heat pump [57], [76].

The use case (H2-1) looks deeper in the stack cooling of an electrolysis cell showed
exemplary in Figure 182. Due to efficiencies of the electrolysis cell, more energy is
consumed than needed for the endothermic splitting of water. For a stationary
operation of the electrolysis cell, this thermal energy must be extracted through a
cooling circuit. It should be noted that the temperature gradient inside the electrolysis
cell should not exceed 10 K to avoid aging and fouling processes. Therefore, the
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thermal energy of the stack cooling circuit is transferred to a closed-loop heat pump
source circuit. The heat pump utilizes the thermal energy to heat a sink for process
heat or district heating [57], [78], [79], [80].
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Figure 182 Simplified scheme of an electrolyser stack cooling with a heat pump and further

hydrogen processing steps (purification and compression) until storage by [22], [81]
In Lulea (Sweden) a similar project has been determined. They estimated the waste
heat potential of a 100 MW PEM electrolyser to 23,2 MW. The waste heat of a AEL
would be 31 MW, because of the poorer cell efficiency. They estimated, that the waste
heat utilization with a heat pump would be economical feasible and identified the
capital expenditures, the discount rate, and the electricity prices as the most sensitive
parameters for the cost structure [57].

After the electrolysis the hydrogen is saturated with water vapor. Therefore, the
hydrogen needs to be dried for further uses. The drying process usually consist of two
steps. First, the hydrogen is cooled down to 20 — 40 °C, where around 90 % of the
water condensates. The final drying is done by adsorption of the water vapor to silica
gel. Use case H2-2 is designed to utilize the extracted thermal energy from cooling the
hydrogen after the stack from 80 °C to 20 - 40 °C for drying purposes. It has been
shown that from the hydrogen generated by a 100 MW electrolyser 400 — 500 kW can
be extracted during the first step of drying. Therefore, this use case is limited to large
electrolyser [57], [80], [84].
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Use case H2-3 is focusing on the excess heat generated during the compression of
hydrogen. Hydrogen is a very light gas, which is why it occupies a very large volume.
Therefore, it needs to be either compressed or liquified to be transported and stored.
This thesis aims on the excess heat of intercooled mechanical compressor
arrangements. On the one hand, large compressors need due to limited efficiencies
be cooled, and on the other hand, the hydrogen temperature rises while being
compressed. To achieve an approximately isothermal compression (which requires
less energy compared to an isentropic compression) the hydrogen must be cooled
between each compression stage. The resulting extractable thermal energy for a 100
MW electrolyser as a function of the cathode pressure, the final compression pressure,
the initial hydrogen temperature (after gas drying) and the average compression
temperature is shown in Table 39 [80], [84], [85], [86], [87], [89], [90].
Table 39 Heat generation during compression to different end pressures depending on the

storage facilities *calculated according to Equation (9), parameter estimated by Figure 90
[801], [89], [90]

hydrogen car
. cavern :
Pipeline refueling
storage .
station

initial pressure: cathode pressure 30 30 30 bar

end pressure 80 200 750 bar

initial temperature 28,3 28,3 28,3 °C

compression stages 1 2 3 pcs.

mean temperatgre after 126* 125* 149* °C
compression

gas temperature after interstage 30 30 30 °C

cooling
thermal energy extraction potential | 1 264,5 2518 4 601 kW

Usually, the thermal energy of the compressor cooling circuit is dissipated by a fan to
the surrounding. Depending on the temperature level the thermal energy can be
utilized by a heat pump or used directly in a heat exchanger. The waste heat utilization
can exemplarily look like [68]:

e temperature level of 110 — 140 °C directly used for process heat or steam
generation

o temperature level of 90 — 110 °C lifted with RHP to 140 °C and used for
process heat or steam production

e another RHP in series utilizing the lower temperature level. Cooling down the
source to 28 °C and lifting the sink from 80 to 100 °C for district heating.
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In all hydrogen use cases the thermal energy is generated anyway and must be
extracted in some way. In contrast to release the energy with a fan to the surrounding
the thermal energy can be used as source for a heat pump. The electrolyser and the
following plants must not be adapted to utilize the waste heat with a heat pump.
Therefore, the levelized costs of heat for the thermal energy provided by the heat pump
can be set to be the costs for the heat pump itself. These costs are pictured for the
ecop RHP in Figure 43 and are between 24 and 86 €/ MWh. Since the ecop RHP
requires 600 kW on the source side under full load, gas drying and compression
applications are limited to larger plants. Stack cooling already provides sufficient
thermal waste heat in the scale of 2 - 3 MW electrolyser [70].

The 2030 expected electrolysis capacity in Europe is between 40 — 113 GW
dependent on the scenario and study. The biggest capacities are planned to be in
Germany, Denmark, Spain, Finland, France, and Netherlands. Studies show that the
electrolyser waste heat potential is predicted to be 35 TWh/yr in 2030 and 250 TWh/yr
in 2040. Based on the use cases (H2-1 to H2-3) the ecop rotation heat pump potential
in Europe is 14 864 to 41 991 plants, while the biggest potential is the stack cooling,
followed by hydrogen compression [70], [83], [91], [91].

5.3.3 Solar thermal energy

The section solar thermal energy focuses on a combination between solar thermal
energy (flat plate collectors, evacuated tube collectors, parabolic through collectors),
thermal energy sources and heat pumps. The combination between photovoltaic cells
and a heat pump is also reasonable, but will not be investigated in more detail. The
thermal energy storage can either be a short-term buffer storage for daily fluctuations
or a long-term seasonal storage for seasonal fluctuations. Thermal energy storages
are often used in combination with solar thermal energy because the thermal energy
supply of renewable sources (solar energy) is often shifted to its demand (highest
demand is in winter). Solar thermal energy and heat pumps can either be used parallel,
where both charge a thermal energy storage or serial, if one charges the thermal
energy storage and the other technology is used for end heating. For example, can
solar thermal energy be used to charge a seasonal storage and a heat pump can use
the storage as source to lift the sink for district heating or process heat [3], [22], [95],
[96], [97], [98], [99], [94].

Use case (Solar-1) presents a concept for cities, towns, and villages to increase the
share of renewable / solar thermal energy in district heating systems. Solar district
heating (SDH) systems are a combination between solar thermal collectors, thermal
energy storages, heat pumps, and peak load boilers. Solar thermal collectors are used
to charge a stratified seasonal thermal energy storage. The thermal energy storage is
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used directly to supply the district heating network if the temperature level is higher
than the district heating return. If the temperature in the thermal energy storage
decreases the heat pump uses the storage as source to provide the needed
temperature level. The heat pump cools down the thermal energy storage increasing
the efficiency of the solar collectors. Peak load boilers are used if the peak load cannot
be covered or if the thermal energy storage is fully discharged. Best practice example
of solar district heating networks can be found in Denmark. Figure 183 shows a
simplified process diagram of the solar district heating network in Dronninglung
(Denmark). The feed and return temperature are 75 and 40 °C, the solar fraction is 52
% and the levelized costs of heat result in 50 €/ MWh without subsidies [3], [100], [101],
[102], [103], [104].
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Figure 183 Solar district heating network in Dronninglund (Denmark), the pumps indicate the
flow direction [3]

There are many factors that can heavily influence resulting levelized costs of heat of
solar district heating systems. The most import are [3], [106], [107]:

e Availability of land as well as the price of land
¢ District heating temperature level

e Existing infrastructure for heating (gas boilers, biomass combined heat and
power plant, ...)

e Difference between maximum and minimal thermal energy demand (winter /
summer)

e Necessity of seasonal storage (high capital expenditures)
e Aiming solar fraction

e Prices of other technologies (reference scenario is usually fossil fuels), taxes
on fossil fuels are in Nordic countries for example Denmark significantly
higher

e The size of the district heating system, because smaller solar district heating
systems are already well explored, while bigger solar district heating systems
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with several thermal energy sources are more complex and only little
experienced.

Solar district heating systems usually have high capital expenditures, but low
operational expenditures. Therefore, typical discounted payback periods are between
7 — 12 years. Small scale solar district heating systems and smaller solar fractions (<
30 %) are usually cheaper, because of smaller storages. Small scale solar district
heating systems have levelized costs of heat between 30 — 40 €/ MWh, while bigger
systems range from 40 — 55 €/MWh [3], [32], [106], [107], [108], [109], [112], [113].

The use case (Solar-2) aims on providing thermal energy for industries by a
combination of renewable sources and heat recovery. These systems are called solar
heat for industrial processes. Solar heat for industrial processes is like solar district
heating with the difference that storages are usually dimensioned smaller and the
temperature level is higher. This thesis shows an example of solar heat for processes
in a textile industry. The process is based on solar thermal energy charging a stratified
storage and a heat pump providing the necessary temperature level. Furthermore,
photovoltaic cells are used to cover the electricity demand of the heat pump. The
analyzed feasibility study showed that the renewable concept achieves lower prices
(51 €/ MWh including subsidies) than the fossil reference scenario. The discounted
payback period result in 7,2 years [70], [105].

The role model for solar district heating is Denmark, where it has been shown that the
concept work and is economical feasible. The expansion of solar district heating
systems is very much depended on promotion schemes and boundary conditions.
Austria and Germany try to establish attractive promotion schemes and boundary
conditions to follow the Danish example. Especially countries with high costs for
heating, while having a high solar yield are attractive markets. Such countries are
Spain, Estonia, Czech Republic, and Italy. Studies predict a solar district heat potential
of > 100 TWh/yr in Europe. Considering some conservative assumptions the market
potential of heat pumps in solar district heating systems result in 7,35 GW or 10 500
ecop RHP [32], [108], [114].

Solar heat for industrial processes is not yet well established. The major hurdles are
the availability of land, the complexity and long payback periods. The international
energy agency found a global potential for solar process heat of 1 500 — 2 200 TWh/yr
or 3 — 4 % of the industrial thermal energy demand. The conservative assumption of
2,5 % solar process heat in Europe lead to a heat pump market potential of 8,75 GW
or 12 500 ecop RHP [32], [70].
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5.3.4 Flue gas utilization

Flue gas is one of the major excess heat sources in industry. Flue gases of fossil
combustion processes are often not cooled below 140 °C. If the flue gas is cooled
down below the acid dew point different flue gas components like Ammoniac,
Chlorides, Sulfur compounds, etc. dissolve in the water making the condensate very
corrosive [70], [115], [116], [119], [120].

Use case (Flue-1 and Flue-2) is aiming on the fossil small to medium scale steam
generation. Fossil steam generator (natural gas, oil, ...) are using an economizer to
reduce the needed thermal energy in the boiler itself. In the economizer thermal
energy from the flue gas is transferred to the freshwater feed. In this section a high
temperature heat pump is added to an existing fossil steam generator setup to preheat
the freshwater feed before entering the economizer. A simplified visualization of the
high temperature heat pump add on to the gas boiler circuit is shown in Figure 184
(Flue-1). The integration of a high temperature heat pump is used to preheat the
freshwater feed from 100 °C to 140 °C before entering the economizer. In this setup
the feed reaches higher temperatures in the economizer (~ 160 °C). The increased
boiler inlet temperature of the feed directly leads to a lower thermal energy demand in
the gas boiler and therefore to fuel savings [70], [115], [116], [119], [120].

Flue gas
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100°¢. 1.
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Figure 184 Simplified visualization of a high temperature heat pump integration for the
freshwater feed preheating in the gas boiler circuit [70]
The use cases Flue-1 and Flue-2 differentiate in the temperature of the freshwater
feed. Use case Flue-1 is considering that the steam condensate (~100 °C) can be
reused as freshwater feed. Use case (Flue-2) assumes that the steam is consumed
and the freshwater feed has a temperature of 20 °C [70], [115], [116], [119], [120].
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The dynamic payback period is very much depended on gas, electricity, and CO:2
prices. Another very sensitive parameter is the reachable economizer outlet
temperature (= boiler inlet temperature). The dynamic payback period for the use case
Flue-2 is pictured in Figure 185. In the case of 160 °C economizer outlet temperature
the natural gas savings related to the fossil scenario resultin 14,6 %. 344 k€ are saved
every year with 75 k€ resulting directly from the gas savings and 269 k€ from the saved
CO:2 certificates [70]

3,5
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3,1

3
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d
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150 155 160 165 170

Gas boiler inlet temperature after ECO in °C

Figure 185 ecop RHP dynamic payback period according to the gas boiler inlet temperature
(= economizer outlet temperature) [70]

The generation of steam is dominated by fossil fuels. According to [118] the steam
boiler market will grow until 2032 annually by 5,5 %. In 2030 1 138 TWh of primary
energy or 200 GW will be needed for steam production in Europe. Assuming that 20
% will use Flue-1 or Flue-2 as retrofit or in a newly built steam boiler the addressable
power are 40 GW. Considering a gas to high temperature heat pump power ratio of 8
% on average the heat pump market potential is 3,2 GW or 4 571 pieces ecop RHP
[70], [70], [115], [115], [116], [119, 120].

The use case (Flue-3) focuses on the condensation of the gaseous water in the flue
gas produced during the combustion process or contained in the fuel. Usually, the flue
gas is only condensed if the proportion of corrosive dissolved components (ammoniac,
chlorides, sulfur compounds) in the condensate is low. This is the case for exemplary
woody biomass or natural gas. The flue gas condenses when the temperature falls
below the dew point, which is usually in the range of 45 - 70 °C for these fuels. The
flue gas condensation takes place in a condensing heat exchanger, with a low
temperature flow on the cooling side. This can be, for example, a space heating circuit
or the source of a heat pump. If a permanently available low temperature source is
available, it makes sense to use it for the condensing heat exchanger. If this is not the
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case or if there is no demand for the low temperature thermal energy, a heat pump
can be used. In this case, the heat pump cools down the source below the dew point
temperature and extracts the condensation energy from the flue gas and is thus
reheated. The heat pump can use the source power to heat any sink accordingly. The
dynamic payback time depends on the achievable temperature level and prices for the
thermal energy and can vary between half a year and three years. The potential in the
European industry is huge. It is assumed that around 5910 MW are wasted from
suitable flue gas stream. 8 443 ecop RHP could be used to utilize this excess heat [3],
[70], [115], [121], [122], [123], [124].

5.3.5 Steam generation

Today, process steam comes largely from fossil fuel steam generators. However,
there are already renewable approaches with heat pumps. If the electrical energy used
in the heat pump comes from renewable sources, CO2 savings of 100% can be
achieved. There are three main types of steam generating heat pump concepts. The
generation of pressurized water at high temperatures in a heat pump for the use in a
steam generator or in a flash tank. Or the compression of steam at low pressures to
higher pressures with specialized compressors [8], [120], [125], [126], [127].

The use case (Steam-1) deals with flash tanks for steam generation. Here, pressurized
saturated hot water is generated in the heat pump and expanded in a steam drum.
Due to the reduction of the pressure, flash evaporation occurs. The resulting steam is
extracted via the header. The remaining hot water is mixed with fresh water,
compressed, and reheated in the heat pump. Figure 186 shows a heat pump driven
flash evaporation with a mechanical vapor compression (orange) and a traditional
thermal boiler (blue) in a temperature-entropy diagram [128].
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Figure 186 T-s diagram of the flash cycle compared to a typical evaporation in a thermal
boiler [70], [128]
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Use case Steam-2 deals with the generation of steam using a heat pump and a steam
generator. A steam generator is in a simplified way a heat exchanger with a lower
pressure and temperature in the inner part being heated by a warmer outer part. The
outer part is heated by hot pressurized water from the high temperature heat pump. In
the inner part evaporation takes places and the steam is taken off at the head of the
heat exchanger. The evaporated part is replaced by fresh water. The separation
between the liquid and gaseous phase is done by gravity. An exemplary setup is
shown in Figure 187 [120], [128].

B=4
3 bar/133 °C

h n h ] A A

Steam header

y

Steam generator 4

Loads/Storage

Pressurized water 1 v tank

148°c|
2 3bar/133°C
5 |Sink 5 438 c ©6
feed water
(PN Pump tank
25°%C

\O0C 4  ——

&

Source

Figure 187 Combination of ecop rotation heat pump and a steam generator, exemplary
temperature levels are shown in the figure [70], [120]
Use case Steam 3 deals with the mechanical compression of low-pressure steam
using specialized compressors. Depending on the application, capacity, temperature
and pressure, different compressors are used for this purpose. A distinction is made
between mechanical vapor compression and mechanical vapor recompression units
pictured in Figure 188. Mechanical vapor compression units are used to compress
steam from a steam generator or flash tank to higher pressures and temperatures in
several stages (right). Mechanical vapor recompression units (left) are used to recycle
low-pressure steam from open-loop processes. Low-pressure steam (exemplary from
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a drying process) is drawn of from the system and mechanically compressed to higher
pressures and temperatures and fed back into the process [120], [129], [130].

Mechanical Vapor (Re-)Compression Steam Generation with evaporator:
Heat Pump Cycle
L1444 »

T b Conramrayrd t1em

Wearer i loa tempesaturs

& Ui
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I 1“ q Lomgrrvied
! 1
A = Fabeil o o T B i b
S bigh temperatire £ Vapar from P i i el
Lo, ~ Veaxte hest
* Direct compression of steam and other vapors * Steam procution directly at the waste heat source
* Direct use of compressed vapors for heating or * Steam compression to necessary pressure and
steam generation Temperature

Figure 188 (left) mechanical vapor recompression, (right) mechanical vapor compression of

generated low-pressure steam [129]
The flash tank system can reach higher coefficient of performance because of the
lower temperature level, but is the more complex system, because it must be achieved
a good separation between the steam and liquid phase. In the flash tank the steam
mass flow is limited by the maximum outlet velocity of the diffuser in the steam drum.
The flash tank is the preferred option if the heat pump can just provide temperatures
<100 °C or a mechanical vapor compression system is available at low costs. Steam
generators are simpler and have a little lower capital expenditures. The difficulty is to
ensure a good heat transfer between the heat pump circuit and the steam generator.
Depending on this heat transfer and the achievable temperature level of the heat pump
the maximum steam temperature is limited. With heat pump sink temperatures of 150
°C the maximum saturated steam temperature is ~ 133 °C. For higher temperatures
either the heat pump sink temperatures must rise, or mechanical vapor compression
systems are necessary.

In an economic efficiency calculation, the heat pump-based systems with a flash tank
and a steam generator were compared with a gas boiler as reference system. The
boundary conditions and economic parameters were used according to the previous
analyses. The full load hours were varied between 4000 and 8000 hours per year. It
has been shown that the dynamic payback time of both heat pump systems are very
similar. The flash tank variant achieves better coefficient of performance and therefore
shorter payback times due to the lower temperature level. The dynamic payback time
is about 6 years for 4000 and 3 years for 8000 full load hours a year. With both systems
considerable costs can be saved during a life cycle of 20 years [70], [120], [132].
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The study [9] investigated the potential of thermal energy that can be provided by heat
pumps in Europe in the four sectors paper, chemical, food and refinery. The potential
resulted in 641 PJ or 20 GW of thermal power. 47% of these processes are based on
steam. The potential of steam-generating heat pumps in these four sectors is therefore
9,4 GW or 13 429 ecop RHP units. Further studies show that the steam boiler market
will grow to 1 138 TWh by 2030. The stock of oil and gas boilers in the EU28 countries
is about 3,1 million units. Based on these comparisons, it can be estimated that the
caclulated 13 429 ecop RHP units are a conservative estimation for the market
potential [4], [8], [9], [118], [120], [133].

5.4 Summary heat pump COP and EU market potential
In this section the necessity and justification, the coefficient of performance and the
market potential of the analyzed market segments is summarized.

» Geothermal energy (4.1): Geothermal energy is a renewable energy sources
that opens the possibility to supply thermal energy with a heat pump if no
waste heat sources are available. The heat pump can increase the thermal
power output of a geothermal energy well or increase its temperature level.

» Hydrogen Electrolysis (4.2): Green hydrogen will become an important energy
carrier in the European Union towards its path to “net zero emissions”. The
major technology to provide green hydrogen is electrolysis generating a lot of
waste heat. This waste heat can be utilized by a heat pump and lifted to
valuable temperature levels.

» Solar thermal heat (4.3): Solar thermal energy can provide thermal energy for
industries and district heating, but is subject of large seasonal fluctuations.
Systems that can store solar oversupply and make it available at later times
typically require a heat pump.

> Flue gas utilization (4.4): Flue gas is still one of the major excess heat
sources leaving the plant usually at temperatures greater than 100 °C.

» Steam production (4.5): Much of the European process heat is needed as
process steam. All conventional steam supplies are based on fossil fuels and
need to be replaced by a renewable technology in the future.

Table 40 shows as summary of the calculated coefficient of performance (COP) of the
ecop rotation heat pump for all presented use cases. The calculated COP are in the
range of 2,91 — 5,97. The temperature levels are only examples for the presented
market segments.
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Table 40 Summary of the ecop rotation heat pump COP calculations of the different use

cases
Sink Sink Source | Source
Name Use Case Customer Inin | Outin .o . o~ |COP
o o Inin°C | Outin °C
C C

Increas.e geothe_rmal Geo-1 . Inqustry /. 55 95 60 33 4,41
heating capacity District heating

Rise geothermal Geo-2 . Inqustry /. 9 140 90 53 358
temperature level District heating

Utilize low temperature Geo-3 . Inqustry /. 55 30 40 14,6 356
geothermal energy District heating

. Industry /

Hydrogen stack cooling H,-1 District heating 80 120 74 48 3,84
. Industry /

Hydrogen stack cooling H,-1 District heating 60 100 74 57,7 5,97
. Industry /

Hydrogen drying H,-2 District heating 80 100 80 28 3,56

Hydrogen compression H,-3 . Infjustry /, 100 140 100 81,7 4,63

District heating
. Industry /

Hydrogen compression H,-3 District heating 80 100 80 28 3,56
Solar district heating Solar-1 | District heating | 40 75 40 5,3 3,72
Solar district heating Solar-1 | District heating | 80 115 75 25 3,16
Solar district heating Solar-1 | District heating | 70 115 75 61,4 4,7
Solar district heating Solar-1 | District heating | 70 115 61,4 48,1 3,72
Solar district heating Solar-1 | District heating | 52 80 50 10 3,67
Solar district heating Solar-1 | District heating | 40 80 45 7,6 3,77

Solar heat forindustrial | o\, Industry 100 | 140 90 76,8 |3,99

processes

Steam genera‘torfeed Flue-1 Industry 105 145 90 77 374

preheating (Steam)

Steam genera‘tor feed Flue-2 Industry 105 145 90 77 374

preheating (Steam)
Condensing heat Flue-3 | ndustry/ 60 70 45 27,7 |4,06
exchanger District heating
Condensing heat Flue-3 | ndustry/ 58 | 100 45 282 |3,44
exchanger District heating
Flash drum (low Steam-1 Industry 30 105 80 66,1 534
temperature) (Steam)
Flash drum (high Steam-1 | 'mdustry 132 | 140 100 88 3,04
temperature) (Steam)
Steam generator Steam-2 Industry 138 | 148 100 882 |2,91
(Steam)
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Table 41 gives a summary of the EU28 market potential in thermal power and pieces
of ecop rotation heat pumps having each a thermal power of 700 kW. The calculation
is simplified in the matter that the source input equals the thermal power output of 700
kW. The targeted thermal power is in the range of 51,1 — 73,9 GW that equals 73 064
— 105 591 ecop RHP. The greatest potential is the Hz-stack cooling, followed by the
heat pump-based steam generation. Other great potential lies in the combination with
solar or geothermal systems. Some of these potentials may overlap to some extent,
but this does not refute the basic statement of the table that there is an enormous
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potential for high temperature heat pumps.

Table 41 Summary of the market potential (EU28) of the investigated market segments;
decimal places are not pictured in this table; District heating = DH

Thermal power pieces of ecop RHP | Potential
Name Reference Case | Customer potential in MW each 0,7 MW horizon
. Industry /
Retrofitof | Ge01,23 | District 2 350 3357 2020
GeoDH stock .
heating
GeoDH Industry /
. Geo-1,2,3 District 3780 -7 560 5400-10800 | general
potential .
heating
GeoDH failed Ind.ust.ry/ . . . .
drilling Geo-3 District no estimations no estimations | general
heating
H, stack Ind.ust.ry/
. Hz-1 District 9280 - 26 216 13 257- 37 451 2030
cooling .
heating
Industry /
H, gas drying H,-2 District 160 - 452 228 - 646 2030
heating
H, Industry /
compression H,-3 District 965 - 2726 1379-3894 2030
cooling heating
Solar district Industry /
) Solar-1 District 7 350 10 500 general
heating (SDH) .
heating
Solar heat for
industrial Solar-2 Industry 8 750 12 500 general
processes
(SHIP)
Steam
generator Flue-1 + 2 Industry 3200 4 571 5030
feed (Steam)
preheating
Condensing Industr
heat Flue-3 Y 5910 8 443 2020
(Steam)
exchanger
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Heat pump Industry
based steam | Steam-1, 2,3 9400 13 429 2030
generation (Steam)

sum 51145-73914 | 73 064 - 105 591

The named market potential is larger than the one identified in other studies for
following reasons:

>

>

>

Most of the other studies name the potential in certain industries in contrast to
the whole market.

Other studies focus on the utilization of available excess heat sources in
given industries, which is why they focus on suited industries like chemical,
paper, food and refinery. In contrast to that this thesis includes source
streams of renewable sources such as geothermal or solar thermal heat.

Previous studies for this topic focused on the existing European industry in
2016 — 2020 and do not include future developments. This thesis focuses in
terms of economic factors as well as the potential on a horizon till 2030.
Exemplary the greatest analyzed potential of Hz-stack cooling is nowadays
almost not existing.

Furthermore, this thesis includes not only the thermal energy demand of
industry, but also district heating and its future development.

Study [9] stated in 2020 the potential of high temperature heat pumps < 150 °C and <
200 °C in the four industries food, chemical, paper and refinery to 20 and 23 GW. They
only considered processes were simultaneous available suitable waste heat sources
where available. Study [11] predicted the potential of industrial heat pump coverable
thermal energy in Europe to 178 TWh/yr. The results of other related studies are
summarized in Table 42.
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Table 42 Summary of different studies aiming on identifying the industrial heat pump

potential in EU28 [40]

Art des Potenzial

Temp.-

Region Potenzials in TWhia bereich Anmerkung Quelle
Technisch 476
ELIZ8 2.3% des industriellen
Okonomisch 75 Endenergieverbrauchs; 15,75%
des technischen Potenzials;
o 1 5. Wolf, M.
Technisch 62,8 =G g“-t‘*%_ | des  theoretischen pioq) 5016 (9]
otenzials
3.4 % des industriellen
Det”tsc“ Okenomisch 10,3 Warmebedarfs;  16,4%  des
-land technischen Potenzials;
; - WP Technologie mit Wasser als 5. Wolf, Diss.,
Theoelsch. 1828 <500°C.  \bohafluid bis 20 500°C 2017, [8]
739 (inkl. Industrie 237 TWh/a, Fernwarme 5. Wolf, 2
; Mutzung o 502 TWhia; Wichtigste Sektoren: DryF EEAB
ELi28 Trghnisghy fiir Fern- I C Molkerei, Papier & Zellstoff, WS, Mannheim
warme) Fleisch, Getranke 12/2018
Wichtigste Sektoren:
) 100°C - Mahrungsmittel & Tabak (8,2%), Arpagaus et
EUg Fexhmech 2.2 150°C  Chemie (23.9%), Papier & al., 2018 [10]

Zellstoff (10,9%)

1,5% des industriellen Warme-

bedarfs; Deutschland, Frank-

reich, ltalien, Spanien und GB = G
100°C- 6B0% des Gesamtpotenzials; Kiminodakis
200°C  Wichtigste  Sektoren:  NMichi- 2019 [4] '

metallische Minerale, Papier und

Zelistoff, Mahrungsmittel & Tabak

and Nicht-Eisen Metalle.

Eu28 Technisch 28,37

5.5 Outlook

The thesis has shown that there are many renewable concepts that can replace
conventional / fossil systems. Some of these systems are based on storage solutions
with heat pumps due to fluctuating environmental influences or fluctuating operating
conditions. Needs of the heat pump are large temperature lifts at a reasonable
coefficient of performance and a flexible operation. It has been shown that the heat
pump of the Austrian manufacturer ecop Technology GmbH, meets these
requirements and thus has a very wide applicability and thus potential. The examined
concepts are under the given basic conditions and with the ecop rotation heat pump
as reference plant all economical. Economic hurdles are the high capital expenditures
and the resulting long payback periods. This can be remedied by government
subsidies, as they already exist in some cases, or by a contracting model, where the
responsibility for the provision of thermal energy lies with the heat pump
supplier/operator. Technical hurdles are fluctuating operating conditions and complex
overall systems. Remedies for this can be provided by possible follow-up work. These
can analyze the most interesting use cases under a technical focus and take a closer
look at possible demonstration projects or best practice examples in the industry.
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