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Heat integration between CO, Capture and Liquefaction and a CHP Plant

Impact on Electricity and District Heating Delivery at Renova’s CHP Plant in
Savenas

CAROLINE HAMMAR

Department of Space earth and Environment

Chalmers University of Technology

Abstract

Carbon capture and storage (CCS) is an important technology for emissions difficult
to mitigate with fuel-switching or electrification - like emissions from waste incin-
eration. However, an installation of CO, capture to a combined heat and power
(CHP) plant may result in a substantial decrease in electricity and district heating
(DH) delivery. This thesis evaluates the effects on electricity and DH delivery of
an integrated capture and liquefaction plant treating 60% of the flue gases from
Renova’s waste-to-energy (WTE) CHP plant in Savenés.

Two CO, absorption technologies, monoethanolamine (MEA) or hot potassium car-
bonate (HPC) based, are evaluated with respect to the practical constrains of the
CHP plant. The heat integration evaluated possibilities for the heat extraction from
the CHP plant to drive the capture plant, as well as the possibilities for recovery of
heat from the capture and liquefaction to the district heating system in the CHP
plant.

The work concludes that the CHP plant with an integration to a capture and lig-
uefaction plant utilizing HPC deliver more DH compared to the current delivery
without CCS implementation. However, HPC also entails a significant reduction in
electricity delivery compared to current levels. The MEA based process delivers a
similar amount DH as the current levels and has a lower electricity loss than the
HPC process. CCS operation during the summer season requires an investment in
additional cooling capacity of 28.3 MW for MEA and 23.2 MW for HPC. Therefore,
it is recommended to perform an economic analysis of the option to solely operate
the CCS plant during the winter season.

Furthermore, the work highlight the broad spectra of effects on the local energy
system of a CCS integration - the resulting effect on electricity delivery was 48-
88% of the retained electricity delivery and the resulting district heating delivery
was 99-116% of the current delivery. The choice of solvent, heat source for solvent
generation, level of CCS heat recovery, and possibility for heat pumping are all
important aspects for the CCS integration.

Keywords: CCS, CHP, Waste-to-energy, Heat recovery



Sammanfattning

Koldioxidavskiljning och lagring (eng CCS) har foreslagits som en losning till att
minska COq-utsldppen och uppfylla Parisavtalet. Tidigare arbete om &mnet visar
dock att en installation av CO5 avskiljning och forvéatskning till ett kraftvarmev-
erk leder till avsevirda forluster i el- och fjarrvarmeleverans om inte energiater-
vinning implementeras. Det har projektet utvirderar dérfor paverkan pa el- och
fjarrvarmeleveransen nér en avskiljnings- och forvatskningsanlaggning virmeintegr-
eras med kraftverket. I projektet antogs anlaggning behandla 60% av rokgasflodet.

Integrationen utvéirderades for Renovas avfallskraftvirmeverk (AKV) i Sdvenés med
tva olika COg-absorptionsmetoder som anvinder monoetanolamin (MEA) och hot
potassium carbonate (HPC) som CO, absorbent. Vérmeintegrationen utvérderade
olika mojligheter for virmeutvinningen fran kraftvarmeverket for att driva avskiljn-
ingsanlidggningen. Den utviarderade &dven mojligheter till varmeatervinning fran
avskiljnings- och forvatskningsanlaggningen till fjarrvirmesystemet i AKV med malet
att oka fjarrvarmeproduktionen.

Projektet visade att avfallskraftvarmeverket, integrerat till en avskiljnings- och forvat-
skningsanldggning med HPC baserad absorption resulterar i en hogre fjarrvarmelever-
ans jamfort med nuvarande leverans fran AKV utan infangning och forvétskning.

HPC leder dock éven till en omfattande minskning av elleverans jamfort med bade

nuvarande leverans fran AKV och fallet med MEA. Vidare, resulterade MEA-fallet

i en fjarrvarmeleverans liknande nuvarande leverans fran AKV. Projektet visade

aven att det finns incitament att enbart driva avskiljnings- och forvétskningsan-

laggning under vinterhalvaret d& sommardrift medfor investeringskostnader i kyl-

ningsutrustning motsvarande 28.3 MW for MEA och 23.2 MW for HPC. En ful-

standig ekonomisk analys av avskiljnings- och férvatskningsanlaggning kréavs dock

for att kunna utesluta sommardrift. Vidare, kraver aven integreringen med HPC

en storre investering av varmevéxlare, 13-15 st, jamfort med integreringen till MEA

som skravver 10-11 st.

Sammanfattningsvis kom projektet fram till att kraftvirmeverket kan leverera 48-
88% av den nuvarande elleveransen efter en integration till en infangnings- och
forvatskningsanldggning. Den maximala leveransen uppnas genom MEA-baserade
absorptionen som drivs med virme fran en kombination av varmekéallor i kraftvirmev-
erket och déar en ligre framledningstemperatur av fjarrvirmen. Projektet kom
aven fram till att kraftvirmeverket kan leverera 99-116% av den nuvarande fjér-
rvarmeleveransen efter en integration dir den maximala leverans uppnas genom
HPC-baserad absorption som drivs med anga fran AKV och dar en ny absorp-
tionsvarmepump installerats till kraftvirmeverket.

Nyckelord: CCS, kraftverk, avfallskraftvarmeverk, energiatervinning

vi






Acknowledgements

I would like to thank my supervisor Lia Detterfelt who has provided interesting
ideas and valuable input for both the work and the report through our bi-weekly
meetings. I would also like to thank Jonas Axnér and Malin Bruhn who have always
shown a big interest in the project and who have been available for discussions and
provided insights regarding the operation of Renova’s plant. Additionally, I would
like to give a special thanks to Andreas Hellstrom, a member of the operational staff
at Renova, who was kind enough to give me a tour of the plant at multiple occasions.

I would also like to give a big thanks to Johanna Beiron, Max Biermann and Se-
bastian Karlsson who has always been available for discussing all the problems I'v
faced, regardless if it’s been about simulation problems in Ebsilon, the pinch analy-
sis or the report. They have also given helpful insights about the work in our weekly
meetings and has helped to improve the report by providing a detailed commentary.
Furthermore, I would like to thank my examiner Fredrik Normann for helpful dis-
cussions and for sharing insights about how to improve the work further to make it
as great as it possibly can be.

Lastly, I would like to thank Max Biermann and Tharun Roshan Kumar for per-
forming the simulations in Aspen and thus improving the quality of the work and
giving me time to focus on the heat integration.

Caroline Hammar, Gothenburg, February 13, 2022

viil









Contents

Abbreviations xii
Nomenclature XV
List of Figures xvii
List of Tables xxi
1 Introduction 1
1.1 Aim and Scope . . . . . .. 2

2 Background 3
2.1 Renova’s waste-to-energy plant . . . . . ... ... L0 3
2.1.1 Combined heat and power plants . . . . . ... .. ... ... 3

2.1.2  Process at site in Savends . . . . . . ... ... L. 4

2.2 Carbon capture and liquefaction . . . . . . . ... ... ... ... .. 6
2.2.1  Amine based absorption with MEA . . . . .. ... ... ... 7

2.2.2 Hot potassium carbonate based absorption . . . . . . . .. .. 8

2.2.3 Liquefaction . . . . . . . ... o 9

2.3 Heat integration . . . . . . . ... Lo 10
2.3.0.1 Heat sources to drive CO, capture . . . . . .. . .. 11

2.3.0.2 Heat sinks to recover heat . . . . . . . ... ... .. 11

3 Method 13
3.1 Process data collection . . . . . .. ... .. ... L. 14
3.2 Modelling of stand alone processes . . . . . ... ... .. ... ... 14
3.2.1 CHP plant model . . . . . . . . ... .. .. ... ....... 15

3.2.2 Carbon capture model . . . . . .. ... ... ... ... ... 17

3.2.3 Liquefaction simulation . . . . . . .. ... ... ... ..... 18

3.3  Modelling of integration to CHP plant heat sources and heat sinks . . 19
3.3.1 Integration to heat sources . . . . . . . . ... .. ... .. .. 20

3.3.2 Integration to heat sinks . . . . ... ... ... ... . .... 22

3.3.3 Integration to power sources . . . . . . ... ... ... ... 25

3.4 Pinch analysis . . . . . . . ..o 25
3.5 Casesimulation . . . . . ... ... 26
3.6  Emnergy performance evaluation . . ... ... ... . ... ...... 28

X1



Contents

4 Results and Discussion 31
4.1 Modelling of stand alone processes . . . .. .. .. ... ... .... 31
4.1.1 CHP plant model validation . . . . . .. ... ... ... ... 31

4.1.2 Heating and cooling demands of CO, capture and liquefaction 33

4.2 Evaluation of integrations to CHP plant heat sources and heat sinks . 35
4.2.1 Estimation of heat sources . . . . . . . . ... ... ... ... 35
4.2.2 Using 40 bar steam as a reboiler heat source . . . . . .. . .. 36
4.2.3 Reboiler condensate utilization . . . . .. .. ... ... ... 37

4.2.4 Integration locations in the district heating system for heat
transfer from coolers . . . . . . ... ... L. 38
4.2.5 Impact of combining integrations . . . . . ... ... .. ... 39
4.3 Case simulation . . . . . .. ... Lo 39
4.3.1 Capture technologies and heat supply . . . . . . . . ... ... 40
4.3.2 Seasonal variation . . . . . . ... ... L 42
4.3.3 Impact of DH return and supply temperature . . .. ... .. 44
4.3.4 Impact of increased heat pump capacity . . . .. .. ... .. 45
4.4  Summarizing evaluation . . . . . .. ... Lo Lo 47
5 Conclusion 49
Bibliography 51
A Design specification I
B Aspen PLUS simulation output \%
C Estimation of power demand for air coolers IX

xii



Abbreviations

CCL CO, capture and liquefaction.
CCS carbon capture and storage.
CHP combined heat and power.
CO, carbon dioxide.

DH district heating.

GHG green house gas.

HPC hot potassium carbonate.

HX Heat exchanger.

IPCC Intergovernmental Panel on Climate Change.
MEA monoethanolamine.

NO, nitrogen oxide.

O, oxygen.

SCR selective catalytic reformer.
SO, sulphur oxide.

WTE waste-to-energy.

xiii



Abbreviations

Xiv



Nomenclature

AP, Pressure loss over bundle

AT}, Log-mean temperature difference
ul: Fan efficiency

Nm Motor efficiency

A Heat transfer area

A, Tube area

EpH produced District heating produced
Epi suppliea District heating supplied
Eei producea Electricity produced

Eei suppiiea Electricity supplied

Etyer Energy input from fuels

Eirmport Imported energy

Egupplieca Energy supplied

Easte input Total energy input from waste
F; LMTD correction factor

Ny No. of bundles

Npg  banks/bundle

Ny tubes/bank

Dy tube pitch

Q Cooling duty

U Overall heat transfer coefficient
us Face velocity
W,  Fan work

XV



Nomenclature

Xvi



2.1
2.2
2.3
2.4
2.5

2.6

2.7
2.8

3.1
3.2

3.3

3.4

3.5
3.6

3.7
3.8

3.9

3.10
3.11

4.1

4.2

4.3

List of Figures

Process scheme of a basic steam cycle . . . . . ... ... ... .... 4
A simplified schematic picture of Renova waste-to-energy plant . . . . 5
Flow sheet of the final steps in the flue gas treatment . . . . . . . .. 6
Summary of CO, capture technologies . . . . . . ... .. ... ... 7
A simplified process scheme for absorption carbon capture with mo-

noethanolamine . . . . . .. ... ... L 7
A simplified process scheme for absorption carbon capture with hot

potassium carbonate . . . . .. ... ... L 9

A simplified process scheme for liquefaction of CO,, adapted from [31] 10
The flow of heat between the integration of Renova’s CHP plant and

the CO4 capture ans liquefaction plant . . . . . . .. ... ... ... 11
Flow sheet of the methodology . . . . . . . ... ... ... ... ... 13
EBSILON®Professional model of Renova’s CHP plant before a CO,

capture and liquefaction integration . . . . . . . . .. ... ... ... 15
Process scheme of the Renova’s CHP plant with integration to the

COg capture and liquefaction plant . . . . . . .. ... .. ... ... 20
Process scheme of the hot water system with the integration to the

CO, capture and liquefaction plant . . . . . . . . ... ... .. ... 21
Process scheme of the pressure reduction station . . . . . . . . .. .. 22
Prioritization scheme of utilization of the heat sources to fulfill the

heat demand in the CO, capture process . . . . . . . .. . ... ... 22
Simplified process scheme of the district heating cycle . . . . . . . .. 23
Workflow of the integration between the CO, capture and liquefaction

(CCL) plant and the DH system . . . . . . . ... ... ... ..... 24
Example of a composite curve diagram . . . . . .. .. ... ... .. 26
Flow sheet of the evaluated system in the pinch analysis . . . . . .. 26
Flow sheet of the investigated cases . . . . . . . .. ... ... .... 27

Turbine performance for different inlet mass flow collected from pro-
cess data and from the Ebsilon model of Renova’s CHP plant. The

x-axis starts from 80°C . . . . .. ... 33
Hot composite curves of the cooling demand of the CO, capture and
liquefaction for the selected hour during winter operation . . . . . . . 35
Hot composite curves of the cooling demand of the CO, capture and
liquefaction for the selected hour during summer operation . . . . . . 35



List of Figures

4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

xviii

Distribution of district heating and electricity production out of the
total production of DH and electricity, when 40 bar steam is expanded
to 3.5 bar in a turbine or pressure reduction station. The heat demand
in the reboiler corresponds to the MEA based CO, absorption. The
figures applies to the selected hour during winter operation . . . . . . 37

Distribution of district heating and electricity production out of the
total production of DH and electricity, when the condensate from
the reboiler corresponding the MEA based CO, based absorption is
returned directly to the steam cycle and when the condensate is used
to heat the district heating system and then returned to the steam
cycle. The figures applies to the selected hour during winter operation 38

Simplified process scheme of the district heating cycle with locations
for integrations to the CO, capture and liquefaction plant . . . . . . 39

Composite curves, according to Figure 3.10, of the district heating
system integrated with the CO, capture and liquefaction plant, uti-
lizing MEA as solvent and with a reboiler heat supply from steam.
The figure applies for the selected hour during winter operation . . . 41

Composite curves, according to Figure 3.10, of the district heating
system integrated with the CO, capture and liquefaction plant, uti-
lizing HPC as solvent and with a reboiler heat supply from steam.
The figure applies for the selected hour during winter operation . . . 42

Deviation in electricity and DH delivery compared to the delivery
from Renova’s CHP plant without the integration, when the CHP
plant is integrated with the CO4 capture and liquefaction plant with
MEA and HPC based absorption and with a reboiler heat supply
from steam. The figure applies for the selected hour during winter
and summer operation . . . . . . . ... 43

Deviation in electricity and DH delivery compared to the delivery
from Renova’s CHP plant without the integration, when the CHP
plant is integrated with the CO, capture and liquefaction plant with
MEA and HPC based absorption and with a reboiler heat supply
from steam, for different DH temperatures. The figure applies to the
selected hour during winter operation . . . . . . . .. ... ... ... 45

Grand composite curves of the district heating system and the ab-
sorption heat pumps with an additional heat pump compared to the
current operated capacity, when the CHP plant is integrated with the
CO, capture and liquefaction plant with MEA based absorption and
with a reboiler heat supply from steam. The figure applies to the
selected hour during winter operation . . . . . . . . . ... ... ... 46

Deviation in electricity and DH delivery compared to the delivery
from Renova’s CHP plant without the integration, when the CHP
plant is integrated with the CO, capture and liquefaction plant with
MEA and HPC based absorption and with a reboiler heat supply from
steam, for different absorption heat pumps capacities. The figure
applies to the selected hour during winter operation . . . . . . . . .. 46



List of Figures

4.13 Summary of the result from the case simulation, represented in elec-
tricity and district heating delivery. The reference refers to the de-
livery from the current CHP plant. The figure applies to the selected
hour during winter operation . . . . . . . ... ... 0oL L.

B.1 Aspen PLUS model of the simulated MEA process. . . . . ... ...

B.2 Aspen PLUS model of the simulated HPC process . . . . . . . . . ..

B.3 Aspen PLUS model of the simulated compression and liquefaction
PrOCESS . . v v v v e e e e

Xix



List of Figures

XX



3.1
3.2
3.3

3.4

3.5

3.6
3.7

4.1

4.2

4.3

4.4

4.5

List of Tables

Selected design specifications for the winter simulation in Ebsilon
Selected design specifications for the summer simulation in Ebsilon
Flue gas input parameters for the capture process in Aspen, collected
from process data for the selected hour during winter and summer
operation . . . . . ... e
Selected design specifications for the capture processes in Aspen . . .
Assumed parameters for liquefaction for the selected hour during win-
ter and summer operation . . . . . . . ... ... L.
Assumed minimum temperature differences . . . . . . ... ... ...
Stream specifications of current cooling demands fulfilled by the dis-
trict heating system . . . . . . .. ..o Lo

Simulated electricity and district heating production and water flow
rate of selected streams collected from the Ebsilon model of Renova’s
CHP plant and from process data for the selected hour during winter
and summer operation. . . . . .. ...
Reboiler duty and temperature target of the solvent for MEA based
CO, absorption and HPC based absorption for the selected hour dur-
ing winter and summer operation . . . . .. ... .. ...
Share of the estimated available heat from the feed water, the hot
water, the 3.5 bar steam and the 40 bar steam compared to the re-
boiler demand in MEA and HPC based absorption for the selected
hour during winter and summer operation . . . . .. ... ... ...
Simulated performance parameters of Renova’s CHP plant and the
number of heat exchangers needed for the integration, when the CHP
plant and CO, capture and liquefaction plant is fully integrated. The
integration is performed for MEA and HPC with reboiler heat supply
from steam only and a combination of heat sources, for the selected
hour during winter operation. The reference electricity and DH de-
livery before the integration is also presented . . . . . . . ... ...
New cooling investment required for the CO, capture and liquefac-
tion plant, when the CHP plant is integrated with the capture and
liquefaction plant with MEA and HPC based absorption and with a
reboiler heat supply from steam. The table applies for the selected
hour during summer operation . . . . . . .. ... ...

16
16

xxi



List of Tables

4.6 Energy performance of Renova’s CHP plant when the CHP plant is
integrated with the CO, capture and liquefaction plant with MEA and
HPC based absorption and with a reboiler heat supply from steam
and a combination of heat sources. The reference corresponds to the
performance of the CHP without the integration. The reference case
The table applies to the selected hour during summer and winter
operation . . . . ... L. e 48

A.1 Design specifications for the the winter simulation in EBSILON®Professional 1
A.2 Design specifications for the the summer simulation in EBSILON®Professional 11
A.3 Flue gas input composition for the capture process in Aspen, collect-

edfrom process data for the selected hour during winter and summer

operation . . . . ..o II
A.4 Design specifications for the capture processes in Aspen . . . . . . . . 11

B.1 Performance of the coolers in the CO4 capture and liquefaction plant
utilizing MEA as absorber for summer and winter operation . . . . . VII

B.2 Performance of the coolers and one heater in the CO, capture and
liquefaction plant utilizing HPC as absorber for summer and winter
operation . . . . ..o Lo VII

C.1 Design specification of air cooler . . . . . . ... ... ... ... ... IX

xxii



1

Introduction

The Paris agreement states that the global temperatures should not exceed 2 °C
compared to the pre-industrial levels and that efforts to limit the global tempera-
ture rise below 1.5 °C should be performed as it decreases the risks and impacts of
climate change [1]. The Paris Agreement also states that all parties should strive
to formulate a long-term climate strategy [1]. This strategy was in Sweden estab-
lished by the Swedish government and states that Sweden will fulfil the goals of the
agreement by achieving net zero emissions by Year 2045 and negative emission there
after [2]. One of the technologies suggested both by the Swedish government and
the Intergovernmental Panel on Climate Change (IPCC) to reduce green house gas
(GHG) emission is carbon capture and storage (CCS) [2, 3]. CCS is a technology
where carbon dioxide, from large-emitting point sources, are concentrated, com-
pressed and transported to a long term storage location to mitigate CO, emissions.
CCS also has the possibility to achieve negative emission by capturing emissions
from biogenic energy sources [3].

Implementation of CCS may be useful for many industry sectors to fulfil the climate
goals [4], one of these are the waste management sector, in particular the waste-
to-energy (WTE) plants. WTE plants produce heat and/or electricity by using
municipal solid waste as fuel [5]. The need to capture carbon dioxide (CO3) from
this process arise due to the composition of waste [5], which is partly fossil based
[6]. Additionlly, an implementation of CCS at a WTE plant will open opportu-
nities for negative emissions if more than the fossil share of the carbon dioxide is
captured. Even though waste, both to quantity and its composition, may change
over the years, WTE plants could still be essential for waste management [7], which
underlines the interest for CCS implementation.

One WTE plants, which will be investigated in this master thesis, is the WTE plant
in Sévends, Gothenburg operated and owned by Renova AB. A report by Ander-
sson regarding carbon capture technologies at Savendas WTE plant [8], suggested
post-combustion capture, utilizing MEA solution as capture technology since this
technology was well tested at the time and resulted in a low cooling demand which is
of limited access at the plant [8]. However, with the recent success of Stockholm Ex-
ergi to utilize hot potassium carbonate (HPC) as sorbent in a test plant for carbon
capture at their combined heat and power (CHP) plant [9], both of these capture
technologies might be of interest at Renova’s WTE plant.

Andersson [8] concluded that an implementation of carbon capture and liquefaction

1



1. Introduction

(CCL) could result in a decrease in the total energy delivery of electricity and dis-
trict heating (DH) by one third compared to current levels. The report also suggests
measures to decrease the losses in energy delivery by implementing heat recovery to
the CCL plant and integrate it with the rest of the facility [8].

The heat integration between the CHP plant and CCL process will focus on the heat
extracted from the CHP plant to fulfill the heat demand in the CCL process, which
depending on the heat source will affect the performance of the plant. It will also
focus on the heat ejected from the CCL plant, which has potential to contribute to
the production of DH.

The extent of the heat integration will depend on the temperature levels of the CCL
process and the temperature levels in the integration locations in the CHP plant
such as the DH system, since heat will be transferred between these processes to
cool and heat each other. A cooling demand in the CCL plant at low temperature
will thus be hard to integrate with the DH system which is limited by a minimum
temperature. An adjustment of the temperature profile of the DH system could thus
increase the potential for integration and the performance of the CHP.

1.1 Aim and Scope

This master thesis studies the compatibility of MEA and HPC based CO, absorption
at Renova’s WTE plant. The aim is to compare opportunities for heat integration
between the CHP plant and the CO, capture and liquefaction installation by quan-
tifying the impact on electricity and DH deliveries as well as cooling demand. The
evaluation considers the operational constraints of the CHP plant as well as different
supply and return district heating water temperatures.

The CCL installation of is performed in connection to the installation of two new
furnaces planned for Year 2030. The new furnaces are of the same size and operate
similarly as two of the current furnaces, called Furnace 4 and Furnace 5. The
capture and liquefaction unit will be designed to capture CO, from the flue gas
solely from these two furnaces, which corresponds to 60% of the total flue gas and
115 ktonCOy/year. Furthermore, the new installations will have the same flue gas
treatment as the current Furnace 7 which has additional cleaning units compared
to Furnace 4 and 5



2

Background

This chapter focuses on three main subjects: Renova’s WTE plant, carbon capture
and liquefaction and the heat integration. The first part describes the operation
of different units in a generic CHP plant and Renova’s WTE plant in particular.
The second subject describes the theory behind CCL. the last subject describes the
energy flow between the CHP plant and the CCL plant as well as locations of interest
for the integration.

2.1 Renova’s waste-to-energy plant

Renova’s WTE plant in Sévenas burns waste from the owner municipalities Ale,
Goteborg, Héarryda, Kungélv, Lerum, Mdélndal, Partille, Stenungsund, Tjorn och
Ockeré for production of electricity and district heating. The delivered electricity
and district heat from the plant corresponds to 30% respective 5% of the local heat
demand and electricity demand. The following sections will describe how electricity
and DH is produced in a general CHP as well as site specific details about Renova’s
plant.

2.1.1 Combined heat and power plants

A combined heat and power system produce power and useful heat simultaneously
in one energy conversion plant [10]. This master thesis focuses on a steam-based
CHP plant since this system is utilised at Renova’s WTE plant. A basic steam cycle
consists of four units: boiler, steam turbine, condenser and pump [10, 11], which is
presented in Figure 2.1.
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Figure 2.1: Process scheme of a basic steam cycle

In the steam cycle, superheated, high pressure steam generated in the boiler is ex-
panded in the steam turbine to low pressure steam [10, 11]. The generator connected
to the turbine produce power from the work performed by the expansion of steam.
The low pressure steam is then condensed in the condenser which utilizes the heat
of condensation for district heating production [11]. The feed water pump increases
the pressure of the feed water leaving the condenser and supplies it to the boiler
where it is converted to superheated steam with heat transfer from fuel combustion
(10, 11].

2.1.2 Process at site in Savenas

Renova has permission to manage 550 000 tonne waste per year [12]. On average,
60% of the delivered waste is bio-based material and 40% is fossil-based material
which means that the majority of the produced CO, from waste incineration does
not provide to the net contribution of CO2 to the atmosphere [13].

The WTE plant is operated without interruptions to provide heat and electricity
to the residents of Gothenburg. During the summer period when the demand for
heat is low, the plant is operated at part load to save fuel, i.e. waste, for the winter
period when the demand is high. The furnaces are therefore stopped one at a time
for maintenance work during the summer [12].

A simplified schematic picture of Renova’s WTE plant is presented in Figure 2.2.
The following information regarding operation and specific units in the plant was
collected from Renova’s internal information system as well as staff. The plant
consists of four furnaces called "Furnace 1", "Furnace 4", "Furnace 5" and "Furnace
7", where each furnace has its separate flue gas treatment system called a flue gas
treatment line, which has been simplified in Figure 2.2.

The steam cycle, which is represented by the blue and red line in Figure 2.2, pro-
duces electricity and DH as described for a general CHP plant. The turbine has
an extraction at 3.5 bar and an outlet pressure of 1.1-1.2 bar. The 3.5 bar steam
is distributed in a 3.5 bar system which mainly powers absorption heat pumps at
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the plant. Furthermore, some of the 3.5 bar steam is used to preheat the feed water
and as pressure regulation in the feed water tanks. The low pressure steam, 1 bar
steam, is condensed in the condenser to provide heat for the DH system. The plant
is also equipped with two sets of feed water pumps, one set is powered by electricity
and one set is powered by a steam turbine utilizing high pressure steam.

Feed water Steam DH water ~ Hot water ﬂ
| o

. ~ s [ o

o [ 1]

e o o

o |
®
1. Furnace 2. Economizer 3. Evaporator & superheater 4. Steam chest
5. Steam turbine w. generator 6. Steam condenser 7. Feed water preheater 8. Feed water chest
9. Feed water tanks 10. Feed water pump w. steam turbine 11. Feed water pump 12. Heat demand
13. HX to condensing reactor 14. Heat pumps 15. HX to economizer 16. HX to cooling tower
17. Hot water system 18. Flue gas treatment system 19. Stack

Figure 2.2: A simplified schematic picture of Renova waste-to-energy plant

The DH system, represented by the green line in Figure 2.2 mainly extracts heat
from the steam condenser. Some heat is also extracted from a condensing reactor
located in the flue gas treatment, the absorption heat pumps and a cycle called the
"hot water system" which extracts heat from the flue gases in an economizer. Lastly,
the DH system is connected to cooling towers which transfer excess heat to the air
during the summer period.

Another important system is the flue gas treatment. The main purpose of this sys-
tem is to wash out pollutants from the flue gas and to recover energy. The process
is initiated with an electrostatic precipitator where particles are removed. Heat is
then recovered to the hot water system in the economizer followed by a wet scrubber
system that washes out metals, hydrochlorides and Sulphur. The final steps of the
flue gas treatment system differs between the four flue gas treatment lines depending
on when they were installed. Since the new installation will be most similar to the
treatment line of Furnace 7, this is the system in the focus in this work. A schematic
picture of the last steps in the flue gas treatment line of furnace 7 is presented in
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Figure 2.3.

The last steps of this system is equipped with a wet electrostatic precipitator which
removes aerosols. The flue gas is then cooled by water in the condensation reactor.
The last step is a selective catalytic reformer (SCR) where nitrogen oxide (NO,) is
removed before the flue gas is ejected to the stack. Figure 2.3 shows that cold flue
gas from the condensation reactor is heated with hot flue gas from the SCR, since
the SCR requires a higher temperature.

Stack

Booster
fan

>

<— Steam

Condensing
reactor

Figure 2.3: Flow sheet of the final steps in the flue gas treatment

2.2 Carbon capture and liquefaction

Carbon capture and liquefaction are two steps in the carbon capture and storage
process. The remaining steps include transportation of CO, from the capture site
and the storage process to a permanent storage location [3].

Carbon capture technologies can be divided into three different groups: pre-combustion
capture, oxyfuel capture and post-combustion capture. Since pre-combustion and
oxyfuel capture are implemented before combustion, these are unsuitable to retrofit
into an existing plant [14], and will thus be unsuitable to integrate to Renova’s WTE
plant. Post-combustion will therefore be investigated further in this master thesis.

Post-combustion capture is divided into multiple categories. According to Andersson
[8], who previously investigated applicable post-combustion technologies to Renova’s
WTE plant, absorption is the most viable of post-combustion technologies for Ren-
ova [8]. The absorption process captures carbon dioxide by reacting CO, with a
sorbent in a water solution which will convert CO, from gas phase to liquid phase
[15].

Andersson concluded that amine-based absorption with monoethanolamine (MEA)
is more suitable compared to ammonia-based absorption for Renova’s WTE plant
due to the need for cooling in the latter technology and the limited access to cooling
water at the plant [8]. A third absorption technology, hot potassium based ab-
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sorption, has also become viable for integration with CHP plants after the success
of Stockholm Exergi’s test plant which utilize this technology [9]. A summary of
the mentioned carbon capture technologies is presented in Figure 2.4. Since amine
based and HPC based absorption was considered viable for Renova’s WTE plant,
these are investigated in this thesis and is described in more detail in the following
sections.

Carbon capture

technologies

r 3

i S
{Pre—combustion}{ Oxyfuel }Post—combustion

Absorption

P w

e Y
P Chilled Hot Potassium
Ammoma Carbonate

b o

Figure 2.4: Summary of CO, capture technologies

2.2.1 Amine based absorption with MEA

MEA is a well-proven CO, absorbent and has been used for decades to remove COy
from natural gas with chemical absorption [16]. The advantage of MEA is its high
reactivity which results in a high absorption rate and thus high CO, removal rate.
The major drawbacks of absorption with MEA is the energy requirement for the
regeneration of solvent entailed by the high temperatures and high heat of reaction.
MEA is also sensitive to high levels of sulphur oxide (SO,) and oxygen (O;) in the
flue gas which may cause solvent degradation. Lastly, MEA is corrosive at higher
concentration which may cause damage to the equipment [17]. A general absorption
carbon capture process utilizing MEA as solvent is shown in Figure 2.5

CO; for
compression

Condenser

E Flue gas

/“L“\ A

Cooler Flash separator

A\

<
Heat il

exchanger

Absorber Stripper

Reboiler
Rich MEA Lean MEA

Figure 2.5: A simplified process scheme for absorption carbon capture with mo-
noethanolamine

Flue gas >»

In the CO, absorption process, the flue gas enters at the bottom of the absorption
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column while the MEA solvent, called lean solvent due to the low CO, loading,
enters at the top, in a counter current flow [18]. The lean solvent generally has
a temperature of 40 to 60°C [3, 17, 19] and contains 30 wt% MEA [17, 20]. The
absorption column operates at 1 bar [21] The contact from the counter flow between
the two streams results in the absorption of carbon dioxide in the MEA solution
[18]. Capture rate is usually set to 90% of the CO, in the flue gas due to the high
equipment costs for higher absorption rates [22]. The solution with absorbed carbon
dioxide, called rich solvent, is pumped to the top the desorption column, also called
stripper. The process scheme in Figure 2.5 can be modified with a washer which
is installed on top of the absorber to remove entrained MEA in the flue gases with
water [17].

The desorption of CO, is also performed with a counter current flow, with the rich
solvent entering at the top of the stripper and steam generated in the reboiler at
the bottom of the column [18]. The rich solvent enters at 100 to 140°C [17, 19, 20]
and the stripper operates at 1.2-2.5 bar [17, 19, 21]. The heat from the rising steam
causes CO, to be released from the solvent to the gas phase which exits the column at
the top with the remaining steam. The gas mixture is then cooled and the condensed
steam is directed back to the desorption column as a reflux. Lean solvent exits the
stripper at the bottom and is circulated back to the absorption column. Due to
its high temperature, the lean solvent is used to heat the rich solvent. Additional
cooling may be needed before the lean solvent enters the absorber again [18]. The
MEA based capture process is thus driven by the heat supplied in the reboiler as
well as the cooling.

2.2.2 Hot potassium carbonate based absorption

HPC based carbon dioxide absorption originated from the Benfield process devel-
oped 1950 which absorbs CO, from synthesis gas [23]. The advantages with HPC
based absorption is the lower demand for solvent regeneration compared to MEA
based absorption. Potassium carbonate also has a lower toxicity and lower cost
compared to MEA. Furthermore, HPC is resistant to absorption degradation in the
presences of O,, SO, and NO, which may be present in the flue gases [23]. The
main disadvantage of HPC based absorption is the extensive need for electricity to
compress flue gas streams to elevated pressure conditions [24]. HPC also has a low
reactivity with CO, which means that rate promoters and catalysts are often needed
to improve the reaction rate and to reduce equipment size [23]. A general absorption
carbon capture process utilizing HPC as solvent is shown in Figure 2.6
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Figure 2.6: A simplified process scheme for absorption carbon capture with hot
potassium carbonate

As shown in Figure 2.6, the major layout of the process is similar to the MEA based
absorption. The flue gas entering the system is compressed and cooled to 6-15 bar
[24-26] and 110°C [24, 26]. The compressed flue gas enters the absorber at the
bottom while the lean solvent enters at the top at 6-15 bar and 50-80°C [24, 25].
The outgoing flue gas and rich solvent is expanded to atmospheric pressure before
entering the stack and desorption column respectively. The flue gas expander is used
to drive the flue gas compressor, seen in Figure 2.6, [25] The rich solvent enters the
striper at a temperature of 100-130°C. [24-26]

Absorption based carbon capture with HPC uses a pressure-swing to concentrate
CO, corresponding the temperature-swing necessary to release CO, in absorption
with MEA [25]. This generally results in a higher demand for electricity for com-
pression with HPC compared to MEA, while the demand for regernation heat is
lower. [24]

2.2.3 Liquefaction

The treatment of the CO, stream leaving the absorption process depends on the
means of transportation to the storage site [27]. CINFRACAP, a project aimed
at investigating the possibilities for shared CO, transportation infrastructure in
Gothenburg, concluded that the most suitable option for Renova would be to trans-
port the CO, by truck from the WTE plant to the port of Gothenburg and then
by ship to a long-term storage location. The carbon dioxide typically has to be
compressed and liquefied to 15-17 bar and (-25)-(-30)°C for such transportation [28,
29].

There are two commercial liquefaction processes available, the first one use high
pressure compression with free liquid expansion to liquefy CO,, the second one use
low pressure compression with an external refrigeration system. The second process
is often preferred due to its lower energy cost [30] and is therefore the considered
process in this project. A process scheme of the liquefaction process with an external
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refrigeration system is presented in Figure 2.7.

Refr Refr
intercooler 1 condenser
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Intercooler 1 Intercooler 2 Precooler  Liquifier

Flash separator 1 Flash separator 2

Recire. compiessor
Flash separator

Liquid CO,

Figure 2.7: A simplified process scheme for liquefaction of CO,, adapted from [31]

The first part of the liquefaction process is a compression train containing two to four
stages of compression with intermediate cooling. The intercooler condenses steam
and cools the carbon dioxide. The steam is then separated from the CO, in a flash
separator [30, 31]. The stream is then cooled and liquefied with a refrigeration cycle
using a refrigerant, such as ammonia, which in turn is compressed and cooled in a
two stage vapor compression cycle. Lastly, the CO, stream enters a flash separator
which separates liquid and gaseous CO,, the gasous CO, is recycled to the process.

[31].

2.3 Heat integration

The heat integration between the WTE plant and the CCL plant focus on two
aspects: the heat demand in the reboiler and the heat leaving the capture and
liquefaction process. The first, involves a heat integration with the steam cycle and
other hot systems in the CHP plant to fulfill the demand in the reboiler while the
second involves heat integration with the DH cycle to recover more heat and increase
the delivered DH. A figure of the heat flow in the heat integration is presented in
Figure 2.8
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Integration to heat sources

Renova's CHP CO> capture and
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Figure 2.8: The flow of heat between the integration of Renova’s CHP plant and
the CO, capture ans liquefaction plant

2.3.0.1 Heat sources to drive CO, capture

High temperature heat sources are available at multiple locations in the WTE plant,
three of which has a temperature above 120°C. The first is the feed water entering
the boiler which has a temperature of 140°C. The second, is the hot water system
with a maximum temperature of 135°C. The purpose of the system is to cool the
flue gas and deliver heat to the DH system.

Furthermore, there is the steam system which consists of 40, 3.5 and 1.1 bar steam
where the 40 bar and 3.5 bar steam has a temperature above 120°. With the current
operation, 40 bar steam is produced in the boiler while 3.5 bar steam is extracted
from the turbine. The extraction of 3.5 bar steam is limited to 27 kg/s according
to the manufacturer of the turbine, but other systems are installed that can provide
additional 3.5 bar steam, such as a pressure reduction station, where 40 bar steam
is expanded to 3.5 bar with a throttle and attemperated with feed water.

The available heat from the feed water, hot water system and 3.5 bar steam is
limited due to constraints in the plant. A combination of multiple heat sources may
therefore be necessary to fulfill the heat demand in the reboiler. To utilize 40 bar
steam in the reboiler is the least favourable option due to the importance of this
steam in the steam cycle for electricity generation. However, the heat content in
the total 40 bar steam is enough to fulfill the total demand in the reboiler. 40 bar
is thus suitable to use when heat from the feed water, hot water and 3.5 bar steam
in insufficient.

2.3.0.2 Heat sinks to recover heat

The plant is equipped with several cooling systems, some involve cooling with water
from the local river, while others involve cooling installations such as wet cooling
towers. According to operational staff, cooling water from the river is currently uti-
lized at the maximum capacity during the summer. Spare cooling capacity is also
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limited from the cooling towers during the summer. Thus, an installation of CCL
that increases the cooling demand requires a new cooling arrangement.

An option is to cool parts of the CCL process towards the DH cycle. The available
cooling capacity of the DH cycle will depend on the operation of the heat pumps
and heat exchangers which are currently cooled with the system and the tempera-
ture of the returning water which varies depending on season. Another option is to
install new cooling systems. The most viable cooling options for a new installation
is either to equip the carbon capture and liquefaction plant with air fans which will
cool the process directly towards the ambient temperature, or to use a pipeline from
the port of Gothenburg to cool the plant with sea water. Due to the difficulty of
gaining permission to use sea water, air cooling was considered most favorable as a
cooling investment for the CCL process.

The cooling arrangement for the CCL process will thus consist of cooling towards

the DH cycle and cooling towards air. The arrangement between these will depend
on the season and the situation for the DH system.

12
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Method

This chapter describes the method applied in the project. A schematic picture of
the methodology is presented in Figure 3.1. The project was initiated with a process
data collection of Renova’s plant from on-site studies. Information of the plant and
its operational constraints was then used to create and simulate a model of Renova’s
CHP plant in EBSILON®Professional. From the data collection was also informa-
tion about the flue gas conditions used for the simulation of the CO2 capture and
liquefaction which was simulated in Aspen PLUS®. These steps resulted in a in a
validated model of Renova’s plant and the heating, cooling and power demands of
the capture and liquefaction plant.

Single integrations between the CCL plant and specific heat sources and heat sinks
were then modelled by adding the demands from the Aspen simulations to the
model of Renova’s plant. The purpose of initially simulating single integrations was
to quantify how much heat can be transferred in that specific integration and to
evaluate how it should be transferred. Further on, the fully integrated systems,
including all single integration was modelled. The fully integrated systems was also
verified with a pinch analysis to ensure feasible heat transfer. Lastly the integrated
systems was simulated in cases by adjusting the design specifications of the CHP
model to fit the cases.
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Figure 3.1: Flow sheet of the methodology

13



3. Method

3.1 Process data collection

The plant data was collected in two ways, by a study of process schemes to map
the flows within the plant. Secondly, by an onsite walkthrough with the opera-
tional staff which aimed to investigate important data point in further detail and
to gain knowledge about operational guidelines. The process data of the plant was
then gathered from Renova’s internal data handling system, which collects both live
data and historical trends. Extracted data included temperature and pressure lev-
els, mass and volume flows, device specifications and heat and electricity production.

The general operational situation of the plant in 2030 was assumed to be equal
to the present situation and process data from 2020 was extracted to describe the
system. Regarding the properties of the flue gas entering the CCL process, the flow
rate was assumed to equal the measured level Year 2020 from Furnace 4 and 5 while
the temperature, pressure and flue gas composition was based on the Furnace 7,
since this flue gas line is more similar to the intended new installations.

Furthermore, two operational points was chosen for the simulation of the systems,
one during the summer and one during the winter. The summer operational point
was based on 7th of June 12 o’clock, which is during the maintenance stop of Furnace
1 and before the stops of Furnace 4, 5 and 7. The reason why this was important
is because the maintenance work usually alters the efficiency of the furnace which
will be regained after a couple of months. The winter data point was set to 7th of
December 12 o’clock. Data was extracted as hourly averages rather than averages
of longer periods, this requires the data to be selected carefully to achieve a repre-
sentative process description but will on the other hand avoid deviations in mass
and energy balances.

3.2 Modelling of stand alone processes

This section describes the simulation of the WTE plant, carbon capture process and
the liquefaction process in EBSILON®Professional and Aspen PLUS®. The benefit
of initially simulating the systems separately was to be able to validate the Eb-
silon model of Renova’s CHP plant against process data and to be able to simulate
the CHP plant and CCL plant with different tools. The benefit of using different
tools arise due to the different areas of application of the simulation softwares which
makes some tools more accurate and easy to use for some situations.

Ebsilon is mainly used for thermodynamic cycle processes by allowing the user to cre-
ate systems by connecting prefabricated components, eg. turbines, condensers and
steam generators, to each other. The system is then solved by algorithm equations
from each component [32]. Aspen is used for simulation of chemical processes and
can simulate reactions with chemicals, poylmers and solids. [33]. Similar to Ebsilon
is the system defined by the user with prefabricated components. The software then
calculates the performance of the system by solving each component individually
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and iteratively until the whole system converges.

3.2.1 CHP plant model

Renova’s WTE plant was modelled in Ebsilon by the main parts of the steam cy-
cle, the DH cycle and the hot water cycle, see Figure 2.2. The remaining systems
such as the cooling systems were not included in the model since their interaction
with the CCL process was considered negligible. The flue gas treatment was not
included either since its interaction with the CCL plant is already accounted for in
the simulation in Aspen. In addition, some parts of the steam cycle were simplified
such as the system for the extracted steam which in reality is used for heat, pressure
regulation and to power the absorption heat pumps, but is in the model represented
as a heat consumer. The flowsheet of the WTE plant can be seen in Figure 3.2.
Electricity production from the CHP plant is represented by the output from the
generator and the district heating production is represented by the heat consumed
in the DH consumer in Figure 3.2

The load of the steam cycle is in the model controlled by the waste input which is
determined by the capacity of the furnaces and Renova’s permission to incinerate
waste on annual basis. The specific waste input therefore kept constant for each
season for all simulations including simulation with heat integrations.

The winter and summer operation cases were simulated with a design and off-design
mode i Ebsilon. The winter operation, when the plant operates at full capacity,
was simulated in the design mode while the summer operation, when the plant
is operated at part load due to the maintenance stop of one of the furnaces, was
simulated in off-design mode.

| Steam turbine —
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Figure 3.2: EBSILON®Professional model of Renova’s CHP plant before a CO,
capture and liquefaction integration

Selected design specifications for the model in the winter case are summarised in
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Table 3.1. The majority of the input is based on the process data collection at Ren-
ova. The composition of waste is based on another WTE plant called Lilljesjoverket,
which is operated by Uddevalla Energi, and is assumed to have equivalent fuel input.

Table 3.1: Selected design specifications for the winter simulation in Ebsilon

Value Unit
Waste properties
Waste consumption 17.54 kg /s]
Furnace
Air inlet conditions 30, 1.01 [°C], [bar]
Exit flue gas temperature 230 [°C]
Steam cycle
Primary steam conditions 400, 40 °C], [bar]
Steam turbine extraction 1 pressure 3.6 bar

Steam turbine extraction 2 pressure and flow rate

°Cl,
[bar]

3.5, 13.9 [bar], [kg/s]
[bar]

Steam turbine outlet pressure 1.11 bar
DH cycle

Supply temperature 98.7 [°C]
Returned water temperature 38.9 [°C]
HX to economizer outlet temperature (noted as 1 o
. 73.6 [°C]
in Figure 3.2)

Hot water cycle

Flow rate through economizer (water side) 120 [kg/s|
Economizer outlet temperature (flue gas side) 150 [°C]

For the summer model, some parameters were changed compared to the winter sim-
ulation. Assumptions for the summer case is summarized in table 3.2. A complete
presentation of the design parameters for the models are summarised in Appendix

A.

Table 3.2: Selected design specifications for the summer simulation in Ebsilon

Value Unit
Furnace
Waste consumption 13.39 [kg/s]
Steam cycle
Steam turbine extraction 2 flow 14.8 (ke /s
rate
DH cycle
Supply temperature 103.7 [°C]
Returned water temperature 49.8 [°C]
HX to economizer outlet temper- 77 48 °C]
ature

The models for winter and summer operation were validated by comparing simulated
electricity and DH output with reference process data. Mass and volumetric flow
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rated were also compared with process data for the feed water entering the boiler,
total DH water and the outgoing feed water from the preheater. In addition, the
performance of the steam turbine was validated with process data. The validated
models for summer and winter operation were further used for two purposes: as
references of the performance before the CCL integration and as a starting point for
simulations with a CCL integration.

3.2.2 Carbon capture model

The carbon capture processes were simulated in Aspen with a model setup by
Gardarsdottir et al. and Biermann et al. [34, 35] for the MEA based absorp-
tion and a model setup by Ochieng et al, Borhani et al. and Mumford et al. [36-38]
with preformance guidelines from Devries and Rochelle et al. [39, 40] for the HPC
based absorption. The model set-ups in Aspen Plus is presented in Appendix B.

The flue gas input to the capture process is presented in Table 3.3. The flue gas input
is collected from process data at the location the flue gas is collected from Furnace
4 and 5. The flue gas in Table 3.3 correspond to about 60% of the total flue gas
volume flow from the plant. The capture plant is assumed to be located before heat
exchanger to the SCR, according to Figure 2.3. This location was chosen due to its
low temperature, which is beneficial to the efficiency of the amine absorption process.
Also, the positioning downstream of the flue gas condensation guarantees low levels
of impurities such as SO, [41, 42]. The composition of the incoming flue gas is based
on measured levels in the WTE plant and is presented in Appendix A collected from
process data for the selected hour during winter and summer operation

Table 3.3: Flue gas input parameters for the capture process in Aspen, collected
from process data for the selected hour during winter and summer operation

Winter Summer Unit
Pressure 1.01 1.01 [bar]
Temperature 31.7 44.4 [°C]
Volume flow 205 205 196 466 [m? /h]
COo-flow 10.83 9.90 [kg/s|

Both Aspen models used rate-based modelling for the absorber and desorber. Ther-
modynamic modelling was performed with ENRTL-RK for the MEA based process
and ELECNRTL for the HPC based process. Selected design parameters for the
models is summarised in Table 3.4, a complete presentation of the parameters can
be seen in Appendix A.

The capture plant was assumed to be cooled by air with fans, some process tempera-
tures was thus restricted by an assumed minimum cooling utility temperature which
is based on an assumed AT,,;,, presented in Table 3.6 and the maximum ambient
temperature of the season. The maximum ambient temperature during the winter
and summer case was assumed to be 10 °C and 25°C, respectively.
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Table 3.4: Selected design specifications for the capture processes in Aspen

MEA HPC Unit
Sorbent concentration 30 30 [wt%]
Capture rate 90 90 (%]
Absorber solvent inlet temperature 40 114 [°C]
Absorber pressure 1.06 7 [bar]
Desorber pressure 1.9 1.2 [bar]
Lean loading 0.25 - [mol/mol]
Mipimum cooling utility temperature 90 90 °C]
(winter)
Minimum cooling utility temperature 35 35 °C]
(summer)

The lean loading factor for the MEA based process was selected by varying its
value to find which loading factor resulted in the lowest specific reboiler duty
[MW /kgCO,). The lean loading factor for the HPC based process was not spec-
ified as in the MEA case, but was rather a result of other specifications, such as the
capture rate and sorbent concentration.

From the converged simulation of the absorption processes was power demands,
heating and cooling demands and temperature intervals of the heating and cooling
sources collected. The result was then used for the simulation of the integrated
system in Ebsilon.

3.2.3 Liquefaction simulation

The liquefaction process was also simulated with Aspennbased on the work of Deng
et al [31]. The process scheme in Aspen is presented in Appendix B. The liquefaction
follows the capture process, the feed to the model was therefor set as the outgoing
concentrated CO, stream from the capture plant. This stream was assumed to con-
sist of solely CO,, water, Ny, Oy and MEA. The refrigerant in the refrigeration cycle
was assumed to be ammonia similar to the carbon capture project at the WTE plant
at Klemetsrud [43]. Further on, the specification of the outgoing CO, stream was
set to 16 bar and -27.7 °C.

The compression train of the liquefaction process consisted of three compressor
stages similar to Figure 2.7. The pressure levels of each compression stage was set
to maintain a constant pressure ratio. The first compression stage thus increased
the pressure to from 1.9 bar to 4.63 bar, the second to 11.28 bar. The third compres-
sion stage increased the pressure to 27.5 bar in accordance with the specifications
from Deng et al. [31]. Similar to the capture simulation was the minimum cooling
utility temperature in the intercoolers and precooler set to 20°C and 35°C during
the winter and the summer respectively.

The performance of the refrigeration cycle and liquifier was determined by assumed
temperatures and pressures in the process. These conditions are in turn based on an
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assumed state of the liquefied CO, and assumed minimum temperature differences,
presented in Table 3.6. A summary of the assumed conditions are presented in Table
3.5. Furthermore, the pressure levels of the compression stages in the refrigeration
cycle was determined to maintain a constant pressure ratio.

Table 3.5: Assumed parameters for liquefaction for the selected hour during winter
and summer operation

Winter Summer Unit
Liquifier (CO, side) “15.24, 275 15.24, 275 °C], [bai]
Liquifier (NHjz side) -20.24, 1.4 -20.24, 1.4 [°C], [bar]
Refrigeration condenser 20.19, 9.4 35.47, 14.8 [°C], [bar]

3.3 Modelling of integration to CHP plant heat
sources and heat sinks

The modelling of the heat integration between the CHP plant and CCL plant is
based on the result of the modelling of the stand alone systems, where heat and
cooling duties of the CO, capture and liquefaction process was added to the model
of Renova’s plant in off-design mode. The heat demand in the CCL plant was rep-
resented as a heat consumer in Ebsilon and the cooling demands was represented as
heat injections.

This section describes the single heat integrations between the heat demand in the
reboiler and heat sources such as the hot water system, the feed water and the steam
system. It also describes the single heat integrations between cooling demands in
the CCL process and heat sinks in the WTE plant such as the DH system. The
purpose of first simulating specific connections between the CCL plant and the CHP
plant was to identify the effects of the specific change to the system. Furthermore,
the power integration between the CCL process and the power sources are described
in this section. A schematic picture of the integration between the CHP plant and
the CO, capture and liquefaction plant is presented in Figure 3.3.
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Figure 3.3: Process scheme of the Renova’s CHP plant with integration to the
CO, capture and liquefaction plant

Minimum temperature differences are assumed for heat exchange between different
hot and cold fluids in the processes. The AT,,;, are presented in Table 3.6 and are
used for all heat exchanges.

Table 3.6: Assumed minimum temperature differences

Unit
Liquid-liquid AT} 5 [°C]
Steam-liquid AT} 5 [°C]
Gas-liquid AT, 10 [°C]

3.3.1 Integration to heat sources

The integration between the heat sources in the CHP plant the the reboiler in the
capture process is represented as the red line in Figure 3.3. This section will describe
how heat specific heat integration to the feed water, hot water, 3.5 bar steam and
40 bar stam was performed.

In addtion, for an integration between the CCL process and the feed water, the hot
water system and the 3.5 bar steam, it was important to evaluate the amount of
heat available from these system and how the heat could be extracted. This evalu-
ation was performed in the Ebsilon model of the CHP plant by adjusting the model
design. Heat was extracted from the feed water between the feed water pumps and
the boilers where the feed water temperature is the highest. The heat extraction
caused a temperature decrease from the current 140°C to 130°C. More heat could

20



3. Method

be extracted if the temperature of the feed water was decreased with 15°C instead
of 10°C. However, low inlet feed water temperatures could cause damage, which is
why 130°C was chosen.

For the hot water system, heat was extracted from 135°C, which is the highest tem-
perature in the system, to 125 °C for the integration with MEA based absorption
and 117°C for HPC based absorption. The temperatures were chosen based on the
reboiler temperatures. The heat extracted to fulfil the heat demand in the reboiler
replaced other heat demands, which otherwise would have been fulfilled by the hot
water. The replaced heat demands came from a heat pump and two heat exchang-
ers, one of which supplied heat to the DH system and the other supplied heat to
the 3.5 bar steam condensate. The changes was adjusted in the Ebsilon model by
decreasing the temperature of the 3.5 bar steam condensate, turning off the heat
pump and turning off the heat exchanger in the DH system to the hot water system.

A process scheme of the hot water system with the intended integration is presented
in Figure 3.4. The figure represent that hot water is redirected to fulfil the heat
demand in the CCL plant, while the hot water stream through the heat exchangers,
heat pumps and heat exchanger to the DH system is excluded.

Economizer

Y A

4
3

Heat ]

exchangers &| = DH -
heat pumps

CO, S{IPTUI'E
liquefaction
Figure 3.4: Process scheme of the hot water system with the integration to the

CO; capture and liquefaction plant

The availability of 3.5 bar steam is limited due to a mass flow limitation of 27 kg/s
in the turbine extraction. The 3.5 bar steam is utilized in other parts of the plant,
eg. the absorption heat pumps and feed water regeneration. The steam available
for the reboiler was therefore set as the difference between the steam currently used
in the plant and the maximum possible steam extraction. The available heat from
the excess 3.5 bar steam was estimated in Ebsilon by adjusting the model to extract
the maximum amount of 3.5 bar possible from the turbine.

To use the 40 bar steam to heat the reboiler, two options were available: the pressure
reduction station could be used to expand the steam to 3.5 bar or a new steam
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turbine could be installed to expand the steam to 3.5 bar and produce electricity.
The two alternatives were simulated in Ebsilon with the model of the WTE plant.
The pressure reduction station was simulated with a throttle which expanded the
steam to 3.5 bar and a recirculation of the steam condensate to cool the superheated
steam, according to Figure 3.5.

CO; capture

| & liquefaction

il
-

Y

Reduction

chest X

I > i

rEm——— Steam turbine
Boiler h

Figure 3.5: Process scheme of the pressure reduction station

The utilization of the heat from the feed water, hot water, 3.5 bar steam and 40 bar
steam was prioritized based on the assumed effect on the steam cycle by extracting
heat. Figure 3.6 shows the utilization prioritization for heat extraction to fulfill the
heat demand in the reboiler. Based on the estimations of the available heat from
the feed water, hot water and 3.5 bar steam and the utilization prioritization was
different cases created to investigate which heat integration would be most preferable
based on electricity and DH deliveries and cooling utilities necessary.

E) Feed water & hot water
G} 3.5 bar steam >
G) 40 bar steam >

Figure 3.6: Prioritization scheme of utilization of the heat sources to fulfill the
heat demand in the CO, capture process

3.3.2 Integration to heat sinks

The purpose of a heat integration between the CCL plant and heat sinks is to cool
the CCL plant to maintain continuous operation, and to recover heat for district
hating generation by extraction of heat from the condensate leaving the reboiler and
from the coolers in the CO4 capture and liquefaction process.

The temperature of the condensate leaving the reboiler depends on the design speci-
fications in the capture process and the minimum temperature difference, according
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to Table 3.6. A reboiler temperature of 120°C and a minimum temperature differ-
ence of 5°C would thus result in a condensate temperature of 125°C. The reboiler
condensate is assumed to be returned to the steam cycle feed water chest, which
currently operates at a temperature of 138 °C and thus has a slighly higher temper-
ature than the reboiler condensate.

Two options are therefore possible: to return the condensate directly to the feed wa-
ter chest without heat extraction for DH or to cool the condensate with DH water
and then return it. The two alternatives were evaluated in Ebsilon. Figure 3.7 shows
a process scheme of the district heating cycle. The heat extracted from the conden-
sate was assumed to be injected into the DH system between the hot water system
economizer and the cooling tower, as shown in Figure 3.7.The reboiler condensate
was cooled to the minimum allowed temperature according the assumed minimum
temperature differences in Table 3.6, i.e. the 5°C higher than the temperature of
the DH water.

Steam Condensate DH water

Steam turbine
condenser

Hot water
system
economizer

Cooling
tower

Absorption
heat pump

Flue gas
condenser

I

Supply  Return

Figure 3.7: Simplified process scheme of the district heating cycle

The integration between the coolers in the CCL process and the DH system was
simulated in Ebsilon and verified with a pinch analysis to ensure that the integra-
tion did not violate the assumed minimum temperature difference of 5°C.

The heat recovered from the CCL plant is integrated in the DH system by identifying
locations in the DH cycle where there is a potential for increased heat injection,
i.e., the DH water temperature can be increased without violating any equipment
temperature restrictions. Other operational restrictions such as the minimum flow
requirement of 2350 m?/h through the heat pumps were also accounted for when
identifying integration locations.The temperature limitations for the existing units
in the DH system depends on the temperature profile and loads of the streams
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that are cooled, which are presented in Table 3.7. These temperature and energy
requirements must still be met after the integration of CCL heat sources.

Table 3.7: Stream specifications of current cooling demands fulfilled by the district
heating system

Winter Summer
Tsta’rt Ttarget Load Tstart Tta’/‘get Load
Pl PGl MW [PCl O] [MW]

Steam 104.6 104.6 81.0 98.7 98.7 49.2
Condensing reactor 53.9 44.0 163 |56.5 526 4.9
Heat pump 70.9 539 51.0 |71.1 585 338
Economizer 128.3 108.1 6.4 127.6  108.0 4.5

The temperature profile of the DH water passing through each unit is sometimes
lower than the maximum temperature allowed given a 5°C minimum temperature
difference, so there is a possibility to change the temperature interval of the DH
water. For a constant heat load from the existing units in the DH system, an in-
creased cold side outlet temperature leads to a lower DH flow rate through the heat
exchanger. To maintain the DH flow, a share of the original DH water must be
bypassed the heat exchanger and can act as a cooling sink for the CCL plant heat
integration. The gain of performing this kind of design is that the coolers in the
CCL plant can be integrated with the DH water in more locations compared to if
the operation of each existing unit was unchanged.

The potential for the heat transfer between the DH system and the CCL plant cool-
ers in each integration location was determined by Ebsilon simulation and pinch
analysis. A start guess of the heat transfer in all the identified locations was im-
plemented. Due to the operation of the DH system, where the flow rate of the DH
water is adjusted to fulfil all cooling demands exactly, a hot utility was not possible
in the pinch analysis. If the pinch analysis concluded that a hot utility would be
necessary the heat loads of the integration in the Ebsilon model were decreased by
the hot utility and a new pinch analysis with new loads was performed. This method
was iterated until the hot utility was 0-50kW which was assumed to be sufficiently
small. Figure 3.8 show the work flow of the integration

An integration was assumed favorable if the transferred heat exceeded 1 MW, oth-
erwise the integration would not be worth the cost of installation. This meant that
coolers with a cooling demand below 1 MW was unsuitable for integration.

Start guess of heat .
p The heat transfer is . :
transferred in each ; : - : Yes | Accept integration
_— . | implementedin [— Pinch anlysis :
possible integration : design
: Ebsilon
location

No

f

Figure 3.8: Workflow of the integration between the CCL plant and the DH system
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3.3.3 Integration to power sources

The power demand in the CO, capture and liquefaction plant was assumed to be
fulfilled by the produced electricity in the generator at the steam turbine. The power
demand originates from compressors, pumps and air fans for the cooling in the CCL
process. The load of the compressors and pumps was collected from the simulation
of the capture and liquefaction process in Aspen.

The power demand from the air fans was calculated based on the guidance of Towler
and Sinott [44]. A description of the calculations is presented in Appenix C. The
power demand from the fans depends on the cooling demand from the fans which
in turn depends on the level of integration to the DH system.

In addition, the internal power in the CHP plant, which was estimated to 8.3 MW
during the winter and 8.2 MW during the summer, was also assumed to be constant
for all simulation. However, the power demand in the CHP is expected to decrease
after the integration, due to the lower volume flow through the booster fan in the
flue gas treatment lines, seen in Figure 2.3. The volume flow decrease compared to
the current operation since the CO, is removed from the stream.

3.4 Pinch analysis

This section will describe the pinch analysis used for the integration between CCL
plant the coolers and the DH system. In a pinch analysis, streams with cooling
demands are coupled with streams with heating demands in order to determine the
amount of heat that can be exchanged internally as well as the amount of additional
cooling needed to satisfy the demands. This is represented in Figure 3.9, showing
a composite curve diagram. The red and blue line in the figure, also called the hot
and cold composite curves, represents the cooling and heating demands distributed
on a temperature-heat scale.

The total demand is thus the total length of the curve. The heat transfer between
the heating and cooling demands is represented by the part of the x-axis where the
curves overlap. The part of the cooling demand which does not overlap with the
heating demand represents the part of the cooling demands which need cooling from
an additional cold utility, which in this case is the cooling towers on the winter and
air fans during the summer.
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Figure 3.9: Example of a composite curve diagram

The evaluated system is presented in Figure 3.10. The evaluated system in the
pinch analysis consisted of the DH system at Renova and the cooling demands which
are fulfilled by the DH system such as the cooling demand in condensing reactor
and economizer as well as the cooling demands in the coolers in the CO, capture
and liquefaction process. The arrows for CO, capture and liquefaction, in Figure
3.10, represents the multiple coolers with different loads and temperature intervals.
Which coolers that are included in the pinch analysis depends on the system and is
limited since heat transfer needs to exceed 1 MW for a integration to be considered
beneficial. The minimum temperature difference in the pinch analysis was assumed
to be 5°C in accordance with Table 3.6.

Cooling demands System boundary Heating demand

=Steam condense =—————p < DH=—
=Flue gas condense r—
=Heat puim pr—l
= E CONOIN| ZE [y
=C O3 CaPIUTE m—
m=C O liquefactioN m—

Figure 3.10: Flow sheet of the evaluated system in the pinch analysis

3.5 Case simulation

To achieve a more complete assessment of the energy performance of the integrated
WTE and CCL plant, different cases were investigated. These cases described the
fully integrated system including all single integration previously described. A sum-
mary of the cases is presented in Figure 3.11. The cases are divided into five areas:
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capture technologies, operational point, reboiler heat source, DH temperature and
heat pump capacity. The simulation of each case was performed in off-design mode
in Ebsilon with modified models of Renova’s CHP plant based on the integration to
the CCL process.

DH
Time Reboiler - - Heat
Capture veriod for heat wemperature. um
technologies I . compared to P p
operation source 2020 capacity
3.5 bar + 40 5
e Maintained
bar steam
i g Current
A Hmmer Hot water 10°C lower capacity
= —>| system + = >| outgoing >
5 feed water temperature Increased
HPC inter +3.5 bar p
10°C lower capacity
steam + 40 . :
bar steam incoming
temperature

Figure 3.11: Flow sheet of the investigated cases

The cases with the different capture technologies was simulated by varying the
heating, cooling and power demands of the CCL plant based on the result of each
simulation in Aspen. The seasons was evaluated by adding the heating, cooling and
power demands from each season to the models of Renova’s CHP plant for each
season.

The cases regarding reboiler heat sources is based on previous estimations of avail-
able heat in the WTE plant. The result of the estimation concluded that a limited
amount of heat is available from the feed water, the hot water and 3.5 bar steam.
Two cases was thus evaluated, a combination of feed water, hot water, 3.5 bar steam
and 40 bar steam as heat sources and a combination 3.5 bar steam and 40 bar steam,
as presented in Figure 3.11. These cases will hereafter be referred to as the steam
only case and the combo case. For the first case, heat from the hot water and feed
water prioritized was over heat from the 3.5 bar steam and heat 3.5 bar steam was
prioritized over 40 bar steam. For the second case was 3.5 bar steam prioritized over
40 bar steam.

ThreeDH temperatures was investigated: a maintained temperature profile com-
pared to Year 2020, a temperature profile with 10°C lower incoming temperature
and a profile with 10°C lower outgoing temperature. The gain from lowering the
outgoing DH temperature is that more heat and electricity could be produced with
same amount of steam while the gain from decreasing the incoming DH temperature
is that it increases the possibility of using it as cooling for the CCL process. The
cases were implemented in Ebsilon by adjusting the design specification in the DH
cycle to fit temperatures of each case.
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Lastly, the integrated systems were investigated with two absorption heat pump ca-
pacities, the current installed capacity and a case where the capacity was increased
with an additional absorption heat pump. The additional heat pump was assumed
to operate similarly to the heat pumps called VP638 and VP639 currently installed.
The capacity of the additional heat pump was determined with a pinch analysis
where the grand composite curve of the heat pumps was added to the grand com-
posite curve of the system described in Figure 3.10. The capacity of the absorption
heat pumps was then increased until the two grand composite curves tangent, the
additional capacity thus represent the capacity of the additional heat pump.

The grand composite curve of the heat pumps was constructed based on collected
process data of the absorption heat pumps with the assumptions that the minimum
temperature difference in the evaporator was 4°C. The result of the grand composite
curves was implemented in Ebsilon as a higher heat pump capacity in the DH system
and a higher demand for 3.5 bar steam. The cold stream from the additional heat
pump was assumed to cool the coolers in the CO, capture and liquefaction plant.

3.6 Energy performance evaluation

The integration between the CHP plant and the CO, capture and liquefaction will
be evaluated based on DH and electricity supply and the additional cooling demand
which require an investment. The supplied electricity from the plant, Ee suppries is
estimated by Equation 3.1.

Eel,supplied = Eel,produced - Eel,consumed (31)

The produced electricity from the turbine generator, Ee;produced is collected from
the Ebsilon simulation. The consumed electricity, Ee; consumed, includes the the con-
sumption within the CHP plant and the CCL plant. The supplied DH is estimated
by Equation 3.2, since district heating is not consumed within the plant.

EDH,supplied = EDH,produced (32)

The integrations will also be evaluated based on the R1 value which defines the
energy efficiency of the CHP plant. The R1 value defines if a plant incinerating
municipal waste should be classified as a WTE plant or a waste disposal facility
according to SFS 2011:927 [45] where a WTE plant has a R1 value above 0.6. The
R1 formula is defined by Equation 3.3 according to the guidelines from the European
Commission [46].

Esupplied - (Efuel + Eimport)
0-97(Ewaste input + Efuel)

The supplied energy Es,ppiicq is defined by Equation 3.4. The energy input from
fuels, Efyer, the energy input from imported electricity, Fjnpore and the energy input
of the was, Eyaste input, Was collected from Renova’s annual sustainability report

[13].

Rl =

(3.3)
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Esupplied = 2-6Eel,supplied + 1-1EDH,supplied (34)

The energies in Equation 3.3 and 3.4 are given in MWh /year. Since the integration
between the CHP plant and the CCL plant are evaluated for a selected hour during
winter and summer operation is it thus not possible to calculate a R1-value repre-
sentative for the operation of the integrated CHP plant during the whole year. Two
R1-values was therefore estimated for the integrated CHP plant. The first assumes
that the selected winter hour represents the operation through out the year and
the second that the selected summer hour represents the operation throughout the
year. The two estimated R1-values are thus considered as a minimum and maximum
values for the integrated plant.
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Results and Discussion

This chapter presents and discusses the result of the master thesis. Firstly, the result
from the separate system modelling is presented, which includes the validation of the
model of Renova’s WTE plant and the result from the simulations of the CO, capture
and liquefaction plant. The performance of the plants with single heat integrations
between the CHP plant and CCL process is then presented and evaluated to conclude
the possible arrangement for the fully integrated plants. The fully integrated plants
are then presented for multiple cases regarding the capture technologies, seasons,
possible heat sources for the CCL process, temperatures in the DH system and
capacities for absorption heat pumps.

4.1 Modelling of stand alone processes

The following section presents and discusses the validation of Renova’s CHP plant in
EBSILON®Professional by comparing the simulated results with reference process
data. Further on, the heating and cooling duty of the CCL plant with temperature
intervals are presented from the simulation in Aspen PLUS®of the CO, capture and
liquefaction.

4.1.1 CHP plant model validation

Table 4.1 presents the simulated electricity and DH production from the Ebsilon
model of the stand alone CHP plant and reference process data. It also presents
the water flow rates for selected locations in the CHP plant. Both tables presents
the data for the selected hour during summer and winter operation, which is 7th of
June 120’clock and 7th of December 12 o’clock. During the winter operation, the
simulated electricity and district heating production and flow rates match the pro-
cess data. During the summer operation, deviations can be seen in DH production,
total DH water flow and exiting feed water flow from the feed water preheater

The produced DH deviates between the model and process data in the summer case
due to the deviation of volume flow in the DH cycle. The volume flow is in Ebsilon
determined by the condenser and is based on the steam input and the incoming and
outgoing temperature of the DH water. The deviation in outgoing mass flow of the
feed water preheater suggests that the steam input to the condenser is too small.
The problem is traced back to the model setup which neglects the cooling of the 1
bar steam with feed water which will increase the mass flow of saturated steam to
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the condenser. It was concluded that the deviations in DH production and some of
the flows was sufficiently small to avoid a re-design of the Ebsilon model of Renova’s
plant.

Table 4.1: Simulated electricity and district heating production and water flow
rate of selected streams collected from the Ebsilon model of Renova’s CHP plant
and from process data for the selected hour during winter and summer operation.

Winter Summer

Simulated Process Simulated Process

value data value data
Produced electricity | 3 15 39 79 20.86  28.73 IMW]
in turbine
Produced DH in tur- 109 33 19y 1 123.93  127.71 IMW]
bine condenser
Total feed water into
the boiler 74.1 74.0 56.3 56.3 kg /s
Total DH water 2830.4  2865.3 2066.5  2145.5 [m? /s
Feed water out of the
feod water preheater 52.8 53.0 37.0 38.2 [kg/s|

Figure 4.1 presents the reference steam turbine performance for two different inlet
mass flows, corresponding to winter and summer operation, and a constant extrac-
tion of 3.5 bar steam. It also shows the simulated performance of the model for
the same conditions. From the figure it is concluded that the model steam turbine
operates similarly to the actual turbine for inlet mass flows of 67 kg/s, which corre-
sponds to the winter case. This result thus confirms the conclusion from Table 4.1,
that the model match the reference data very well for winter operation.

For a inlet mass flow of 55 kg/s, which corresponds to summer operation, the simu-
lated turbine generates more power compared to process data. However, the power
generation follows the same trend as the process data for the delivered DH tem-
perature. It was thus concluded, based on the result from Table 4.1 and Figure
4.1, that the model of Renova’s WTE plant was sufficiently accurate to describe
the operation of the real plant and possible changes in operation associated with a
implementation of CO, capture and liquefaction.
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= Process data: turbine inlet 67 kgfs, 3.5 bar extraction 20 kg/s excl. feed water preheater
Process data: turbine inlet 55 kg/s, 3.5 bar extraction 20 kg/s excl. feed water preheater
o Model data, design mode: turbine inlet 67 kgfs, 3.5 bar extraction 20 kg/s excl. feed water preheater
® Model data: turbine inlet 67 ka/s, 3.5 bar extraction 20 ka/s excl. feed water preheater
Model data: turbine inlet 55 kg/s, 3.5 bar extraction 20 kg/s excl. feed water preheater
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Figure 4.1: Turbine performance for different inlet mass flow collected from process
data and from the Ebsilon model of Renova’s CHP plant. The x-axis starts from
80°C

4.1.2 Heating and cooling demands of CO, capture and lig-
uefaction

The reboiler duty for the MEA and HPC based absorption, collected from the sim-
ulation in Aspen PLUS®assuming a treatment of 60% of the flue gases, is presented
in Table 4.2. The table shows that the HPC based absorption has a larger heat de-
mand compared to MEA based absorption which contradicts literature [24] and is an
effect of the high demand for heat with the simulated HPC based process compared
to literature. The high heat demand is a consequence of the chosen model set up
and could be decreased with a lower operating temperature of the units in the CO,
capture plant or a higher operating pressure of the absorber. Both changes would re-
sult in a higher cooling demand and for the latter alternative a higher power demand.

Table 4.2 also shows that the reboiler duty is higher for the summer operation
compared to the winter operation, which is an effect of the increased temperature
of the cooling utility during the summer. As mentioned, is the temperature of the
cooling utility, ie. air fan, limited by the outside temperature, which results in higher
cooling temperatures during the summer.
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Table 4.2: Reboiler duty and temperature target of the solvent for MEA based
CO, absorption and HPC based absorption for the selected hour during winter and
summer operation

Winter Summer
Ttarget Load Ttarget Load
PCl MW [°C]  [MW]
MEA 120.1 31.3 120.1  28.9
HPC 112.0 43.2 112.0 41.0

Figure 4.2 and 4.3 shows the hot composite curves (HCC) of the cooling demands
in the CO, capture and liquefaction process with MEA or HPC as solvent during
the winter and the summer. The hot composite curves describes the distribution of
the cooling demands on a temperature scale. The total cooling demand of the CCL
plant is thus the maximum value for the heat flow in the hot composite curves. A
description of the cooling demand of each specific cooler is presented in Appendix B.

From the graphs it can be seen that HPC has a higher maximum heat flow value
compared to MEA during both the summer and the winter, which means that HPC
has a higher total cooling demand compared to MEA. However, the cooling demand
for HPC is more evenly distributed in temperature below 100°C compared to the
MEA which has a higher cooling demand at temperatures below 45°C. This might
affect the integration to the DH cycle since the available cooling the DH water can
provide at lower temperatures is limited. HPC thus have a greater possibility of
transferring heat from the coolers to theDH water than MEA.

The difference in appearance between MEA and HPC cooling curves arise due to
the difference in origin of some of the cooling demands. HPC has a higher cooling
demand of the flue gases as an effect of the compression, while MEA has a higher
cooling demand in the solvent streams such as the lean solvent cooler. The different
origin in cooling requirement results in diversity in distribution of cooling demands
and temperature levels. Otherwise, the cooling demand in the condensers and lig-
uefaction process are similar for MEA and HPC.

From the simulations in Aspen and the hot composite curves is it thus concluded that
the cooling prerequisites for the MEA and HPC based absorption is different where
HPC has a larger cooling and heating demand but may have greater possibilities for
integration to the DH system while MEA has smaller cooling and heating demands
but more limited possibilities for integration.
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Figure 4.2: Hot composite curves of the Figure 4.3: Hot composite curves of the
cooling demand of the CO, capture and cooling demand of the CO, capture and
liquefaction for the selected hour during liquefaction for the selected hour during
winter operation summer operation

4.2 Evaluation of integrations to CHP plant heat
sources and heat sinks

This section presents the result of some of the single solutions for heat integration
between the CO4 capture and liquefaction plant and Renova’s CHP plant and eval-
uates the preferred arrangement for the fully integrated plant. The result from the
integration between the CO, capture and liquefaction plant and the heat sources in
the CHP plant include an estimation of the available heat from the feed water, hot
water and 3.5 bar steam, which are limited, and an evaluation of the solutions to
utilize 40 bar steam.

The result from the integration between the CCL plant cooling demand and the
heat sinks in the CHP plant focus on the possibility to recover heat from the hot
condensate from the reboiler. The integration between the coolers in the CCL pro-
cess focus on the possible locations in the DH system where heat can be transferred
from the coolers. Lastly, a brief discussion about the impact of combining the single
integration is presented.

4.2.1 Estimation of heat sources

Table 4.3 presents the share of the available heat in the feed water, hot water and
3.5 bar steam for an integration to the CCL process comapred to the heat demand
in the reboiler for the MEA and HPC based absorption. The results show that heat
from the feed water, hot water, 3.5 bar and 40 bar steam will fulfil the demand the
reboiler for the HPC based process for both summer and winter operation, while
for MEA will heat from the feed water, hot water and 3.5 bar steam be sufficient to
fulfill the demand. The earlier mentioned combo case will thus not include 40 bar
steam for the MEA case which it will for the HPC case.

35



4. Results and Discussion

Table 4.3: Share of the estimated available heat from the feed water, the hot
water, the 3.5 bar steam and the 40 bar steam compared to the reboiler demand in
MEA and HPC based absorption for the selected hour during winter and summer
operation

Winter Summer Unit
MEA HPC MEA HPC
Feed water 10.5 7.6 8.7 6.1 (%]
Hot water 34.7 25.2 32.2 22.6 (%]
3.5 bar steam 74.1 53.7 76.9 54.2 (%]
40 bar steam >100 >100 >100 >100 (%]

The table also imply that the HPC based process will extract more 40 bar steam
from the CHP plant compared to MEA due to the higher heat demand in the
reboiler. Utilization of 40 bar steam have the greatest impact on the electricity and
DH production compared to utilization of the other heat sources. This means that
heat extraction for the reboiler in the HPC based absorption have a larger strain
on the CHP because of the larger reboiler duty which is partly fulfilled by 40 bar
steam.

4.2.2 Using 40 bar steam as a reboiler heat source

The heat integration between the reboiler and the 40 bar steam was analysed with a
steam turbine and a pressure reduction station in Ebsilon. The two cases was sim-
ulated with a reboiler duty corresponding to the MEA based capture process and a
heat supply consisting of 3.5 bar steam 40 bar steam, where the 3.5 bar steam was
prioritized. The distribution of the produced electricity and the produced district
heating out of the total electricity and DH delivery are presented in Figure 4.4 for
the selected hour during winter operation of the CHP plant.

The figure shows a trade off between DH generation and electricity generation where
the case with a turbine produce more relatively electricity while the case with the
reduction station produce more DH. These effects arise since the reduction station
requires less mass flow of the 40 bar steam to produced saturated 3.5 bar steam.
This is because water is sprayed into the superheated steam after the throttle in
the reduction station, according to Figure 3.5 which will saturate the steam as well
as increase its mass flow. The requirement for less 40 bar steam results in a higher
mass flow of steam through the current turbine and a larger heat transfer in the
condenser. However, even though the original turbine produce more electricity for
the reduction station case, the case with the turbine to expand the 40 bar steam
will still produce more electricity in total due to the electricity production with the
additional turbine.
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Figure 4.4: Distribution of district heating and electricity production out of the
total production of DH and electricity, when 40 bar steam is expanded to 3.5 bar in a
turbine or pressure reduction station. The heat demand in the reboiler corresponds
to the MEA based CO, absorption. The figures applies to the selected hour during
winter operation

The preferred arrangement for the integration between the 40 bar steam and the
reboiler ultimately depends on the price electricity and DH. However, for this case
was the difference in generated electricity and DH considered too small to motivate
an investment of new equipment. The arrangement with the pressure reduction sta-
tion was thus chosen and is implemented in all cases hereafter.

In the current case is 60% of the flue gas treated, if however 100% of the flue gas
would be treated would the utilization of 40 bar steam increase since the other
heat sources are limited and fully utilized which might make the turbine more ad-
vantageous compared to a pressure reduction station since the gain of electricity
production would increase with the increased utilization of 40 bar steam.

4.2.3 Reboiler condensate utilization

Figure 4.5 presents the results from the simulation in Ebsilon regarding the reboiler
condensate, where two cases was investigated, the first when the reboiler condensate
was returned to the steam cycle directly via the condensate chest, the second when
the condensate was cooled to 73.6°C, transferring heat to the DH water before re-
turning to the steam cycle. A direct return increase the electricity production with
1 MW while a DH integration favors the DH production with 1 MW. This is because
the DH integration means that the condensate is returned to the steam cycle at a
low temperature, lower than the steam cycle, which entail a decrease in electricity
and DH production since the steam cycle will need to heat the reboiler condensate
in addition to produce electricity and DH.

The preferred arrangement depends on the price of electricity and DH, similar to
the cases regarding the 40 bar steam utilization. For the following simulated cases,
the reboiler condensate is set to be returned directly to the steam cycle since this
option results in the fewest changes on the CHP plant.
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Figure 4.5: Distribution of district heating and electricity production out of the
total production of DH and electricity, when the condensate from the reboiler cor-
responding the MEA based CO, based absorption is returned directly to the steam
cycle and when the condensate is used to heat the district heating system and then
returned to the steam cycle. The figures applies to the selected hour during winter
operation

4.2.4 Integration locations in the district heating system for
heat transfer from coolers

Three possible locations was identified in the district heating cycle based on the
temperature and flow limitations from the heat pumps and heat exchangers which
are currently installed. The three locations are demonstrated in Figure 4.6 which
shows the DH cycle with the integrations locations to the CO, capture and lique-
faction plant. "CCL integration 3”7 in Figure 4.6 is only possible if the temperature
of the returning DH water is lower than the current levels. The outlet temperature
of the integration location were set to the current temperature of the returning water.

"CCL integration 2” is possible for all cases but assumes that the heat exchanger to
the condensing reactor operates in a 2 °C higher outlet temperature on the DH side
compared to the current operation to enable a bypass flow to the CCL integration.
"CCL integration 17 is also possible for all cases but is limited by load due to the
high temperature of the water. Furthermore, a bypass on the economizer for a
integration location was not necessary since CCL integration 1 was able to cover the
entire possible load. A bypass on then heat pump was not possible either due to the
flow limitations.
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Figure 4.6: Simplified process scheme of the district heating cycle with locations
for integrations to the CO, capture and liquefaction plant

4.2.5 Impact of combining integrations

The simulations in Ebsilon of the fully integrated CHP plant showed that the in-
tegration between the heat sources in the CHP plant and the CCL plant and the
integration between the heat sinks and the CCL plant complemented each other.
The integration to heat sources entailed a smaller mass flow of 1 bar steam at the
turbine outlet since 3.5 bar and 40 bar steam is extracted which means that the
inlet flow to the turbine is smaller and that a larger flow is extracted from the 3.5
bar outlet of the turbine. As mentioned, will a smaller flow of steam at the turbine
outlet result in a smaller mass flow in the DH cycle since the mass flow is determined
by the condenser based on delivered heat from the steam and incoming and outgoing
DH temperatures.

However, the integration to the heat sinks results in an increase in mass flow in the
DH system since additional heating to the DH system means a higher temperature
entering the condenser which results in a higher mass flow of DH water. Both
integration arrangements is thus necessary to maintain a similar operation in the
DH cycle in connection with a installation of a CO, capture and liquefaction plant.

4.3 Case simulation

In this section is the result from the integrated systems presented in different cases
and discussed. The integrations include all previously discussed arrangement, i.e.
heat integration between the heat sources and the CCL plant, the heat integration
to the heat sinks and integration to the power supply.

39



4. Results and Discussion

4.3.1 Capture technologies and heat supply

Table 4.4 presents the simulated electricity and DH delivery from the CHP plant
and the share DH delivery that is supplied from heat recovery from the CCL process.
The table also presents the required new heat exchangers for the heat integration and
the amount of utilized 40 bar steam, for the MEA and HPC based capture processes
with heat supply from steam and a combination of heat sources, consisting of feed
water, hot water, 3.5 bar steam and 40 bar steam. The table applies to the selected
hour during winter operation. The delivered electricity is the net available electricity
after the power demand in the CHP and CCL plant has been fulfilled.

Table 4.4: Simulated performance parameters of Renova’s CHP plant and the
number of heat exchangers needed for the integration, when the CHP plant and
CO, capture and liquefaction plant is fully integrated. The integration is performed
for MEA and HPC with reboiler heat supply from steam only and a combination of
heat sources, for the selected hour during winter operation. The reference electricity
and DH delivery before the integration is also presented

MEA HPC

Steam Combo Steam Combo  Unit

only only
Electricity delivery 24.7 25.8 16.8 18.6 MW]|
DH delivery 187.3 186.9  203.5 201.9  [MW]

whereof DH from heat recovery | 27.6 27.7 54.4 54.4 MW]

Additional cooling demand 24.0 24.1 14.3 14.3 MW]
40 bar steam utilization 3.19 0 7.67 2.82 [kg/s|
Required heat exchangers 12 13 14 16

Performance before integration
Electricity delivery 314 MW]|
DH delivery 189.3 MW]|

Before the integration, the modelled CHP plant delivers 31.4 MW electricity and
189.3 MW DH in the winter which means that both capture technologies cause a
decrease in electricity sales of 5.6-6.7 MW for MEA and 12.8-14.6 MW for HPC. As
expected, the HPC based capture process requires more power than the MEA based
process due the required compression work for operation at elevated pressure levels.

Furthermore, the HPC based capture process produce 12.6-14.2 MW more DH com-
pared the current production and the MEA based process which produce 2-2.4 MW
less than current levels. This is explained by the extensive heat recovery from the
CCL process to the DH system, seen in Table 4.4. The extensive heat recovery is an
effect of the advantageous temperature distribution of cooling demands in the CCL
process, seen in Figure 4.2, which facilitate the extensive integration of the HPC
cooling demand with the DH system.

The extent of the integration is also descried in Figure 4.7 and 4.8 shows the com-
posite curves of the integrated DH system based on the system boundaries in Figure
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3.10 with MEA and HPC as solvent and steam only case during winter operation.
The composite curves (CC) consists of the hot and cold composite curve which de-
scribes the distribution of the cooling and heating demands in a temperature-heat
diagram. The possible internal heat transfer between the cooling and heating de-
mand are represented by the overlap between the two curves. The part of the cooling

demand that does not overlap with the heating demand require additional cooling
utility to be fulfilled.

Figure 4.7 and 4.8 show that the cooling and heating demand in HPC overlap over
a larger area than they do for MEA. This means that more heat is transferred from
the coolers in the CCL plant to the DH system in the HPC case and thus confirms
the result regarding the share of the delivered DH from heat recovery in Table 3.4.
The figures also show that integration with MEA is limited by the pinch point at
45°C, unlike HPC which has a pinch point at the lowest possible pinch point at
41.5°C.

The composite curves also show that the cooling towers, which represents the addi-
tional cold utility needed, will cool the system for the lowest temperatures since the
DH is unable to cool the CCL process at such low temperatures.

—Cooling demand ———=Heating demand =——Cold utility
160
Condensing
steam i
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5
n Pinch point
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0
0 50 100 150 200 250
Heat flow [MW]

Figure 4.7: Composite curves, according to Figure 3.10, of the district heating
system integrated with the CO4 capture and liquefaction plant, utilizing MEA as
solvent and with a reboiler heat supply from steam. The figure applies for the
selected hour during winter operation
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Figure 4.8: Composite curves, according to Figure 3.10, of the district heating
system integrated with the CO, capture and liquefaction plant, utilizing HPC as
solvent and with a reboiler heat supply from steam. The figure applies for the
selected hour during winter operation

Table 4.4 also shows that the CCL process utilizing HPC as solvent requires more
heat exchangers than MEA. This is because the process set up for HPC based ab-
sorption requires more coolers, eg. in connection with the compression of the flue
gas, compared to MEA. In addition to the greater cooling demand which requires a
larger investment of air fans for the summer operation, the amount of heat exchang-
ers results in a more expensive heat integration for HPC regarding the investments
costs.

The presented result concerns CO, treatment of 60% of the flue gases, for a CO,
treatment of 100% of the flue gases is the energy penalty expected to the increase
significantly due to the increased utilization of 40 bar steam. This will be especially
true for the CCL process utilizing HPC as solvent since this has a higher reboiler

demand compared to MEA and already utilize more 40 bar steam, according to
Table 4.4.

4.3.2 Seasonal variation

Figure 4.9 presents the deviation in electricity and DH delivery compared to the
current delivery from the CHP plant without a CCL integration, when MEA and
HPC is used as solvents for the capture process, for the steam only case. The figure
applies for the selected hour during winter and summer operation. The winter case
is relative to the current winter operation and the summer case is relative to the

current summer operation. Current summer operation delivers 21.7 MW electricity
and 123.9 MW DH.

The delivery of district heating during the summer can not exceed the current levels
due to low demand for DH. If more heat would be supplied to the DH system would
thus additional cooling capacity be needed to maintain the current DH delivery.
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This limits the integration between the coolers in the CCL plant and the DH sys-
tem for the HPC case during the summer, which without constraints could produce
more district heating. Since the MEA case never produce more DH compared to
the current production will this limitation not impact this case.

Figure 4.9 shows that the deviation in DH delivery increase for the summer case
compared to the winter case for both MEA and HPC. This is an effect of the higher
temperatures in the DH cycle during the summer which limits the heat recovery
from the coolers in the CCL process. Cooling at lower temperatures, such as 40-50
°C, is thus not possible during the summer case. The figure also shows a small
change in electricity delivery compared to the reference cases for the winter and
summer case, where the summer case deviate less in electricity delivery compared
to the reference case than the winter case does.
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Figure 4.9: Deviation in electricity and DH delivery compared to the delivery from
Renova’s CHP plant without the integration, when the CHP plant is integrated with
the CO4 capture and liquefaction plant with MEA and HPC based absorption and
with a reboiler heat supply from steam. The figure applies for the selected hour
during winter and summer operation

Table 4.5 presents the additional cooling utility investment of air fans for the CCL
process. This investment is not necessary during the winter since the existing cooling
systems, such as the cooling towers, are available to meet the cooling demand. The
additional cooling demand during the summer is comparably high relative to the
additional cooling demand during the winter, presented in Table 4.4. The higher
cooling demand arise due to the higher temperatures in the DH system which limits
the integration between the coolers in the CCL plant and the DH system. As a
result, the new cooling utility investment for cooling increase.
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Table 4.5: New cooling investment required for the CO, capture and liquefaction
plant, when the CHP plant is integrated with the capture and liquefaction plant
with MEA and HPC based absorption and with a reboiler heat supply from steam.
The table applies for the selected hour during summer operation

MEA HPC Unit
New cooling investment 28.3 23.2 MW]

By limiting the operation of the CO4 capture and liquefaction plant to the avoid
summer operation is thus extensive investments in cooling systems avoided. How-
ever, seasonal operation also results in a reduction of the total capture of CO,
throughout the year. In addition, seasonal operation results in a higher specific cost
per collected CO, compared to maintained operation throughout the year, since the
total capture of carbon dioxide will decrease with seasonal operation. For more
conclusive results is an economical evaluation regarding the operational costs and
the investments costs of the CCL process is required.

4.3.3 Impact of DH return and supply temperature

The impact of altering the return and supply temperatures in the DH system is pre-
sented in Figure 4.10. The figure shows the deviation in electricity and DH delivery
compared to the current delivery during winter operation for the steam only case.

The figure confirms that a lower returning DH temperature will increase the DH
production since the possibility for heat integration between the coolers in the CCL
process and the DH system increase. It also shows that the impact of lowering the
return temperature is greater for MEA | which increase with 16.3 MW relative to
the case with a maintained DH temperature profile, compared to HPC, which in-
crease with 4.2 MW relative to the case with a maintained DH temperature profile.
This is an effect of the distribution of the cooling demands in the CCL plant on the
temperature scale, shown by the hot composite curves in Figure 4.2 and 4.3, where
MEA has a higher distribution of cooling demand at lower temperatures compared
to HPC and will thus benefit from a lower return temperature.

Figure 4.10 also confirms that a lower DH supply temperature will increase the
electricity delivery since the steam at the turbine outlet will be expanded further

than 1 bar. This effect cause an equally large increase in electricity delivery between
MEA and HPC

44



4. Results and Discussion

= DH delivery Electriaty delivery

Lower delivered DH temperature

HPC

Lower retumning DH temperature
Maintained DH temperature

Lower delivered DH temperature =

Lower refumning DH temperature

MEA

Maintained DH temperature =

-20 -10 0 10 20
[MW deviation from reference case]

Figure 4.10: Deviation in electricity and DH delivery compared to the delivery
from Renova’s CHP plant without the integration, when the CHP plant is integrated
with the CO, capture and liquefaction plant with MEA and HPC based absorption
and with a reboiler heat supply from steam, for different DH temperatures. The
figure applies to the selected hour during winter operation

4.3.4 Impact of increased heat pump capacity

This part presents the results from the analysis regarding the heat pump capacity,
which evaluated the effects of adding a new absorption heat pump to the DH sys-
tem in addition to the current installed capacity. The grand composite curves of
the system described in Figure 3.10 and the system for the absorption heat pumps
with and without the additional heat pump, is presented in Figure 4.11. The figure
represents the case when the CHP plant is integrated with the CCL plant with MEA
as solvent and a reboiler heat supply from steam for winter operation.

Figure 4.11 shows the difference in heating capacity between the current and new
heat pump systems. It also shows that the new capacity tangent with the integrated
DH system, which means that the heat pump system is maximized in heating ca-
pacity. This can be compared to the graph for the current heat pump system which
does not tangent with the DH system and is therefore not maximized in capacity
for the integrated DH system. The additional demand for 3.5 bar steams in the new
absorption heat pump and the additional available cooling water from the new heat
pump is also represented in the figure.

The pinch analysis concluded that an absorption heat pump of 7.6 MW heating

capacity could be added to the DH system when MEA is utilized as solvent in the
absorption and 15.2 MW heating capacity for HPC.
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Figure 4.11: Grand composite curves of the district heating system and the absorp-
tion heat pumps with an additional heat pump compared to the current operated
capacity, when the CHP plant is integrated with the CO, capture and liquefaction
plant with MEA based absorption and with a reboiler heat supply from steam. The
figure applies to the selected hour during winter operation

Figure 4.12 shows the result from the simulations in the Ebsilon model of the inte-
grated systems with an additional absorption heat pump and with the current heat
pump capacity. The simulation was performed with a heat supply for the CCL plant
from steam during winter operation. The figures show a gain of delivered DH and
a loss of delivered electricity from installing an additional absorption heat pump to
the DH system.
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Figure 4.12: Deviation in electricity and DH delivery compared to the delivery
from Renova’s CHP plant without the integration, when the CHP plant is integrated
with the CO, capture and liquefaction plant with MEA and HPC based absorption
and with a reboiler heat supply from steam, for different absorption heat pumps
capacities. The figure applies to the selected hour during winter operation
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4.4 Summarizing evaluation

A summary of the result from the case simulations is presented i Figure 4.13 which
represents the electricity and DH delivery from each case during winter operation.
Based on the figure with reference to result from Table 4.4, Figure 4.10 and 4.12
will an integration between Renova’s CHP plant and a CO, capture and liquefac-
tion with HPC based absorption, a reboiler heat supply from 3.5 bar steam and
40 bar steam and an additional absorption heat pump with a heating capacity of
15.2 MW during winter operation result in the highest delivery of district heating
of 209.2 MW with 15.0 MW delivered electricity. This corresponds to a gain of the
total delivered electricity and DH of 1.5% compared to the current delivery for the
selected hour during winter operation.

An integration with the MEA based absorption, a reboiler heat supply from hot
water, feed water and 3.5 bar steam and a 10 °C lower delivered DH temperature
during winter operation results in the highest delivery of electricity of 27.7 MW with
187 MW DH. This corresponds to a loss of the total delivered electricity and DH of
2.7% compared to the current delivery for the selected hour during winter operation.
This arrangement also achieves an electricity and DH delivery most similar to the
current delivery without a implementation of a CCL plant
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Figure 4.13: Summary of the result from the case simulation, represented in elec-
tricity and district heating delivery. The reference refers to the delivery from the
current CHP plant. The figure applies to the selected hour during winter operation

Table 4.6 presents the R1-values and energy deliveries, i.e. the total delivery of elec-
tricity and DH, for Renova’s WTE CHP plant when the CHP plant is integrated
with the CO, capture and liquefaction plant with MEA and HPC based absorption
and with a reboiler heat supply from steam or a combination of heat sources. The
table applies to the selected hour during summer and winter operation. The refer-
ence case corresponds to the performance of the CHP plant without an integration
to the CCL plant. The Rl-value exceeds 0.6, which entail that Renova’s plant in
Savenas will continue to be classified as a WTE plant rather than an waste disposal
facility.
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Table 4.6: Energy performance of Renova’s CHP plant when the CHP plant is
integrated with the CO, capture and liquefaction plant with MEA and HPC based
absorption and with a reboiler heat supply from steam and a combination of heat
sources. The reference corresponds to the performance of the CHP without the
integration. The reference case The table applies to the selected hour during summer
and winter operation

Reference MEA HPC
Steam Combo Steam Combo
only only
Winter
R1-value 1.31 1.48 1.50 1.47 1.48
Energy delivery 1.00 0.96 0.96 0.99 0.99
Summer
R1-value 1.31 0.91 0.92 0.86 0.88
Energy delivery 1.00 0.58 0.59 0.60 0.60

The table also shows that the highest energy delivery is achieved with HPC as
solvent for the CO, capture, both during winter and summer operation, which is
an effect of the extensive heat recovery from the CCL plant which benefits the DH
production. However, the preferred arrangement for integration between the CHP
plant and the CCL plant will depend on the price of electricity and district heating
in the future which will determine if a high energy delivery with high DH delivery is
advantageous or if a lower energy delivery with high electricity delivery is preferred.
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Conclusion

In this thesis, the integrations between a CO, capture and liquefaction plant and
Renova’s combined heat and power (CHP) plant have been evaluated with respect
to the operational constraints of the CHP plant. The integration was evaluated
for two different CO, absorption technologies utilizing monoethanolamine (MEA)
or hot potassium carbonate (HPC). The results show that the integrations which
recover heat from the CO, capture and liquefaction plant to the CHP plant entails a
significant gain in district heating delivery, where 28-64 MW heat can be recovered
depending on solvent.

The MEA based absorption results in a greater loss in district heating delivery then
the HPC based, where ~99% of the district heating delivery is retained. The HPC
based process with heat recovery results a 7% increase in district heating supply
relative to current levels. However, the HPC based absorption also results in a con-
siderable loss in electricity delivery - ~56% retained electricity delivery, which could
be compared to ~80% with MEA.

The case simulations, where the integrated CHP and CO, capture and liquefaction
plant were varied with different capture technologies, reboiler heat supplies, district
heating temperature profiles and absorption heat pump capacities, resulted in an
electricity delivery of 48-88% of the retained electricity delivery. The maximum
value is achieved with MEA as CO, absorber, a capture process heat supply from a
combination of heat sources such as feed water and a lower returning district heating
water temperature. The case simulation also resulted in a district heating delivery
of 99-116% of the current delivery, where the maximum value is achieved with HPC,
a capture process heat supply from steam and an additional heat pump of 15.5 MW
heat capacity.

Furthermore, the integration between the plants was investigated for winter and
summer operation. It was found that operation is preferred during the winter, due
to the required additional cooling investment of 28.3 MW for MEA and 23.2 MW
for HPC during the summer. From this aspect would it thus be advantageous the
operate the CO, capture and liquefaction plant solely during the winter. In addi-
tion, the higher cost in cooling equipment in combination with the need for more
heat exchangers with compared to MEA results in a higher investment cost for the
integration. Therefore, it is recommended to perform an economic analysis of the
option to solely operate the CCS plant during the winter season.
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5. Conclusion

Finally, this project concludes that heat integrations between a CHP plant and
CO, capture and liquefaction plant have large impacts on the district heating and
electricity delivery and that significant gains can be achieved by heat recovery. The
project also concludes that the arrangements for the heat integration are important,
and the chosen arrangement will depend on the value of heat and power.
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A

Design specification

Table A.1: Design specifications for the the winter simulation in EB-
SILON®Professional
Value Unit
Furnace
Air inlet 30, 1.01 [°C], [bar]
Air fan 1.06 [bar]
Air preheater 125 [°C]
Waste inlet 32, 17.54 [°C] [kg/s]
Air ratio 1.2
Fly ash ratio 0.9
NO-split 90 [ %]
Exit flue gas 230 [°C]
Composition of waste
C 29.8 [ %]
H 4.2 %]
O 154 [%)]
N 0.6 [%]
S 0.2 [%]
Cl 0.6 %]
H50 in fuel 36.0 [%]
Ash 13.2 %]
LHV 11.1 IMJ /kg]
Steam cycle
Primary steam 400, 40, 74.0 [°C], [bar], [kg/s]
Steam turbine extraction 1 10 [bar]
Steam turbine extraction 2 3.5, 14.8 [bar], [kg/s]
Steam turbine outlet 1.2 [bar]
Condensate pump 11.8 [bar]
Feed water tank 140 [°C]

Continued on the next page



A. Design specification

Table A.2: Design specifications for the the summer simulation in EB-
SILON®Professional
Value Unit
Furnace
Waste inlet 13.39 [kg/s]
DH cycle
Condensor outlet 103.7 [°C]
Returned stream 49.8 [°C]
Pump 8.65 [bar]
HX to condensing reactor 52 [°C]
Heat pumps 67.1 [°C]
HX to economizer 77.48 [°C]
HX to cooling tower 70 [°C]

Table A.3: Flue gas input composition for the capture process in Aspen, collect-
edfrom process data for the selected hour during winter and summer operation

IT

DH cycle

Condensor outlet 98.7 [°C]
Returned stream 38.9 [°C]
Pump 10.5 [bar]
HX to condensing reactor 44.3 [°C]
Heat pumps 61.0 [°C]
HX to economizer 73.6 [°C]
HX to cooling tower 73.6 [°C]
Hot water cycle

HX to DH 108.1 °C]
Pump 17 [bar]
Economizer (water side) 120 [kg/s|
Economizer (flue gas side) 150 [°C]
Cooling 128.3 [°C]

Winter Summer Unit
N, 77.40 72.49 [mol%]
CO, 11.33 11.26 [mol%]
H,O 4.76 7.74 [mol%]
O, 6.51 8.50 [mol%]
CcO 0.00000600 0.0000658 [mol%]



A. Design specification

Table A.4: Design specifications for the capture processes in Aspen

MEA HPC Unit
Sorbent concentration 30 30 [wt %]
Capture rate 90 90 (%]
Absorber inlet temperature | 40 114 [°C]
Absorber pressure 1.06 7 [bar]
Desorber pressure 1.9 1.2 [bar]
Lean loading 0.25 - [mol/mol]
Absorber height 20 [m]
Desorber height 10 [m)]
Washer height 2 - [m]
Adiabatic efficiency 95 (%]
Mechanical efficiency 85 (%]

ITT
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B

Aspen PLUS simulation output

Figure B.1 and B.1 shows the model set up in Aspen PLUS for the CO, capture
process utilizing MEA and HPC respectively. Figure B.3 shows the model set up in
Aspen for the liquefaction process, this set up followed for both capture process.
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Figure B.1: Aspen PLUS model of the simulated MEA process



B. Aspen PLUS simulation output
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Figure B.2: Aspen PLUS model of the simulated HPC process
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Figure B.3: Aspen PLUS model of the simulated compression and liquefaction
process

Table B.1 and B.2 presents the performance of the in the CO, capture and liquefac-
tion utilizing MEA and HPC as solvent from the simulation in Aspen PLUS. Table
B.2 also contains the performance of a heater, for the pinch analysis was this heat
demand summed to be fulfill internally by the cooler called FGCOOL-1.

VI



B. Aspen PLUS simulation output

Table B.1: Performance of the coolers in the CO, capture and liquefaction plant

utilizing MEA as absorber for summer and winter operation

Unit Winter Summer

Tstart Ttarget Q Tstart Ttav'get Q

°C] C] [MW] | [°C] °C] [MW]
AMINCOOL 52.5 40.0 9.00 o7.1 40.0 11.36
WASHCOOL 47.2 40.0 15.32 49.3 40.0 14.25
COND 107.3 20.0 21.12 107.5 35 18.96
INTERCOOL1 | 90.1 20.0 0.71 104.1 35.0 0.76
INTERCOOL2 | 94.3 20.0 0.70 111.4 35.0 0.70
PRECOOL 88.5 20.0 0.76 103.8 35.0 0.70
NH3COND 89.1 20.2 3.90 129.2 35.5 4.03
NH3INTCOOL | 68.5 20.0 0.30 88.9 35.0 0.35

Table B.2: Performance of the coolers and one heater in the CO, capture and
liquefaction plant utilizing HPC as absorber for summer and winter operation

Unit Winter Summer

Tstart Ttm’get Q Tstart Ttarget Q

°C] °C] MW] | [°C] °C] [MW]
FGCOOL-1 160.0 31.7 8.59 160.0 44.3 7.16
FGCOOL-2 124.3 120.0 14.30 130.0 120.0 0.60
FGCOOL-3 - - 0.00 - - 0.00
FGCOOL-4 89.2 20.0 25.18 103.3 35.0 20.60
HEAT-1 112.1 115.0 2.05 112.4 115.0 1.71
COOL-1 - - 0,00 - - 0,00
COOL-2 100.7 20.0 2.38 102.3 35.0 3.17
COND 96.3 20.0 26.90 97.3 35 26.10
INTCOOL1 107.7 20.0 0.84 111.7 35.0 0.71
INTCOOL2 101.3 20.0 0.88 111.0 35.0 0.72
NH3COND 89.1 20.2 3.87 129.2 35.5 4.02
NH3INTCOOL | 68.5 20.0 0.30 88.9 35.0 0.35
PRECOOL 100.7 20.0 0.90 103.8 35.0 0.70
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B. Aspen PLUS simulation output
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C

Estimation of power demand for
air coolers

This chapter describes the calculation regarding the power needed for air coolers.
The calculations and design specification, presented in Table C.1, are based on the
works on Towler and Sinnott [44]. The fan work Wy is calculated with Equation
C.1-C.4, where U is assumed to be 0.375 kW/m?K, AT}, is assumed 14K and F; is

assumed 0.85.

o Q
A= GATE (C.1)
A
Ny= —— C.2
" ANwaNi (©2)
Ab = ltpthk (CB)
Wy = urAABN, (C.4)
NfTm

Table C.1: Design specification of air cooler

Tube length ly 12 [m)]
Tube area A, 0.958 [m?|
Banks/bundle Npg 6

Tubes/bank Nk 44.0

Tube pitch Dt 0.0635 [m)]
Pressure loss over bundle AP, 150 [N/m2]
Face velocity us 2.50 [m/s]
Fan efficiency il 0.70

Motor efficiency Nm 0.9

IX
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