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Abstract:

This Master’s Thesis models a 15 MW
Power to Methanol (PtM) plant in As-
pen Plus, utilizing Proton Exchange
Membrane (PEM) electrolyzers for hy-
drogen production. A comprehensive
surplus heat integration assessment
and optimization strategy were con-
ducted to identify the most suitable in-
tegration spots within a District Heat-
ing System (DHS). The primary objec-
tive was to compare the heat recovery
potential of this PtM facility against
an innovative, under-construction fa-
cility that leverages surplus heat from
a data center and electrical transform-
ers, combined with heat pump tech-
nology to reach required delivery tem-
peratures. Annual simulations were
performed in EnergyPro to evaluate
the yearly availability of excess heat
in the PtM plant. This analysis was
coupled with wind and PV genera-
tion profiles modeled from local mete-
orological data and sized according to
the actual planned renewable plants.
The results indicate that while the PtM
plant offers a significant opportunity
for baseload heat supply, there is in-
sufficient evidence to suggest it could
entirely replace the facility currently
under construction. Instead, the PtM
plant’s excess heat could serve as a vi-
able solution to accommodate future

growth in Viborg’s heating demand.
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Resume

Energiforbruget i bygninger udger allerede 30% af det globale endelige energi-
forbrug, og denne andel forventes at stige yderligere, iseer nar det geelder ru-
mopvarmning og keling. Fremskrivninger viser endnu hgjere energibehov for
bygninger beliggende i veekstokonomier sammenlignet med bygninger i avancerede
gkonomier frem mod &r 2050 under de nuveerende politiske scenarier. Det er ogsa
vigtigt at fremhaeve de energikilder, der deekker dette behov. I veekstekonomier vil
bidraget fra traditionel biomasse, kul og olie spille en vaesentlig rolle ssmmenlignet
med avancerede gkonomier, hvor disse energikilder er ubetydelige. I regioner som
Den Europeiske Union, der betragtes som en avanceret gkonomi, har fjernvarme-
teknologi en betydelig andel inden for vandopvarmning (14.4%) og rumopvarmn-
ing (10.1%). Denne andel bliver dog endnu sterre i nordlige lande sdsom Dan-
mark, hvor fjernvarmesystemers andel af rumopvarmning udger 41.2% og 66.4%
for varmt brugsvand i det endelige energiforbrug i boligsektoren. Fjernvarmete-
knologien har mange forskellige fordele; den har for eksempel et stort potentiale
for integration af varmepumper eller elkedler, hvilket understotter elektrificerin-
gen af varmeproduktionen. Vedvarende energi medferer dog udfordringer med
regulerbarhed, hvilket er en stor bekymring for fiernvarmenet, da det er en es-
sentiel forsyning, hvis levering skal garanteres. Derfor er det vigtigt at undersoge
andre muligheder, som for eksempel integration af overskudsvarme.

Overskudsvarme kan komme fra flere forskellige kilder. I dette speciale er der
lagt seerlig veegt pa anvendelsen af overskudsvarme fra datacentre, krafttransfor-
matorer og Power-to-X-anleeg. P& nuveerende tidspunkt er fiernvarmeselskabet i
Viborg (Danmark) i gang med at opfere anleegget “EnergiHub”, som har forskel-
lige varmepumper, der integrerer overskudsvarmen fra et neerliggende datacenter
og en krafttransformator i fijernvarmenettet. Samtidig findes der et formelt og
solidt forslag om at opfere et Power-to-X-anleeg i udkanten af Viborg, hvor idéen
er at selge overskudsvarme til fiernvarmeselskabet “Viborg Varme”. Som et of-
fentligt ejet selskab ber de genoverveje de eksisterende leveranderer, hvis varme-
forsyningen tilbydes til en lavere pris. I denne rapport er der udfert forskellige
analyser for at evaluere den potentielle risiko for den igangveerende investering
i anleegget “EnergiHub”, hvis Power-to-X-anleegget treeder ind pa markedet som



varmeleverandaer.

Power-to-X-anleegget er planlagt til at omfatte et 82 MW solcelleanleeg, 17 vind-
moller pa omkring 4 MW, et biogasanlaeg, et elektrolyseanleeg og et methanolan-
leeg. Den information, som endnu ikke var tilgeengelig, er blevet hentet fra an-
dre kilder. I dette speciale er der udviklet en 0-dimensionel model af en 20 MW
PEM-elektrolyser i Python for at opnd en tilnezermelse af elektrolysgrens varme-
bidrag. Resten af methanolanleegget er modelleret i Aspen+. Der er lagt seerlig
vaegt pa at modellere methanolreaktorens termiske ydeevne savel som de gvrige
dele af systemet, da dette er et afgorende skridt for at evaluere integrationen af
overskudsvarme i et fjernvarmenet. Methanolreaktoren er udviklet som en RPlug-
flowreaktor ved anvendelse af Vanden Busschen og Froment-formuleringen for
methanolsyntese og som en kogevandsreaktor for at muliggere en kontrolleret tem-
peraturprofil i processtremmen. For korrekt dimensionering af methanolreaktoren
blev der udfert en omfattende optimeringsrutine i Python, hvilket resulterede i en
meget skreeddersyet losning til denne specifikke proces.

Da anlaegget var korrekt modelleret, blev der udfert adskillige undersogelser for
at identificere de optimale steder for varmeintegration internt i anleegget samt
evaluere potentielle steder for integration af overskudsvarme i fjernvarmenettet.
En pinch-analyse blev udfert ved hjeelp af Aspen Energy Analyzer for forskel-
lige konfigurationer af anlaegget, hvilket viste, at den optimale konfiguration ville
inkludere en varmeveksler, som integrerer opvarmning og keling af processtrom-
men for og efter reaktoren. Keleprocessen efter reaktoren blev opdelt, hvilket
muliggjorde integrationen af en varmeveksler, som kunne levere op til 5.29 MW til
fiernvarmesystemet. Varmen fra PEM-elektrolyseren blev ogsa integreret, hvilket
gav op til 6.07 MW varme til radighed for fjernvarmenettet. For hele systemet var
kolebehovet omkring 3 MW, hvilket er et godt perspektiv for integration af bil-
lig keling, som for eksempel fijernvarmevand. Desveerre blev storstedelen af den
tilgeengelige varme (omkring 2 MW) fundet i kondensatoren til destillationskolon-
nen, hvor kondenseringstemperaturen var omkring 58 °C. Da dette er lavere end
fremlgbstemperaturen for fiernvarmevandet, er det ikke muligt at integrere den di-
rekte. En metode til at integrere dette varmepotentiale ved hjeelp af varmepumper
blev undersogt. For at finde den optimale veerdi af AT til pinch-analysen blev der
udfert en undersogelse, som viste, at en AT lig med 2 K var den optimale konfig-
uration under de nuveerende priser.

Til sidst blev der udviklet en model i EnergyPro af Power-to-X-anleegget med
serlig fokus pd overskudsvarmen, hvis veerdier blev opndet fra de respektive
Python- og Aspen+-modeller. En mindre optimeringsrutine blev udfert for at
evaluere den konfiguration, der bedst udnyttede den lokale produktion af ved-
varende energi. Dette blev opndet med 4x20 MW PEM-elektrolyserer og en 15
MW methanolreaktor. Hydrogenlagring var afgerende for at forbedre methanol-
produktionen. De niveauiserede omkostninger for de vedvarende kraftanlaeg, elek-



trolyseren og methanolen blev beregnet omhyggeligt for at opnd et estimat af
methanolindteegterne. O, blev ikke betragtet som en indteegt, ligesom salget af
varme til fjernvarmeselskabet heller ikke blev medregnet. Salget af dette sidste
biprodukt blev betragtet som nul pa grund af det allerede meettede varmemarked
i Viborg, med udsigt til at opnd den bedste pris og mulighed for at afseette dette
biprodukt til markedet, samtidig med at man opnédede en billig kelekilde. Den ek-
sporterede elektricitet repreesenterede en storre andel af den producerede energi,
men methanolindteegterne var omkring 60% hgjere end indtegterne fra den elek-
tricitet, der blev solgt til markedet. Methanolreaktoren leverede syv gange mere
varme end elektrolyseorerne. Sammenlignet med EnergiHub-anlegget kan Power-
to-X-anlegget levere omkring 6.5 MW varme, mens EnergiHub kan levere omkring
25 MW. Det kreever dog installation og forbrug af varmepumper, mens varmen
fra Power-to-X-anleeggene allerede opfylder fjernvarmens krav. Den tilgeengelige
varme fra Power-to-X-anlaegget blev ogsa tilbudt i leengere driftstimer.
Afslutningsvis kunne Power-to-X-anleegget ikke erstatte det igangvaerende “EnergiHub”-
anleeg, fordi det ikke opfylder effektbehovet, men det kunne inkluderes som grund-
last i tilfeelde af, at varmebehovet i Viborg stiger, og det kunne ogsé repraesentere
en yderligere varm kilde for de varmepumper, der findes i “EnergiHub”, for at
forbedre deres COP.
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Chapter 1

Introduction

According to the International Energy Agency (IEA), the operations of buildings
account for 30% of global final energy consumption [16]. If keeping the current
policies, the prospects are that the energy demand in the buildings sector will in-
crease by around 1.3% each year on average to 2035. The most significant growth
in the demand is appreciated in energy services, such as heating, cooling and ap-
pliances, outweighing the impacts of efficiency gains, electrification and reductions
in the traditional use of biomass [I8].

The IEA, also differentiates among buildings in advanced economies and those
on emerging markets and developing economies, as there are big differences in
the global energy demand and the energy supply [I8]. European Union (EU) is
contemplated as one of the advanced economies regions. In contrast to the large
increases in demand for air conditioning and appliances in Southeast Asia, India
and Africa, the largest household final energy consumption in the EU is dominated
by the space heating, specifically 62.5% in 2023. This represents two thirds of the
total energy consumption in houses in the EU. This contrasts sharply with lighting
and electrical appliances, which account for only 14.5% of the total [12].

Regarding the energy sources supplying space heating, the district heating
plays an important role in Domestic Hot Water (DHW) (14.4%) and in space heat-
ing (10.1%) [12]. These values represent the EU average, but other countries lead
the ranking with much more significant contributions, as can be seen in table .

Table 1.1: Heat derived in the final energy consumption for the residential sector for space heating
and DHW. EU Average and leading countries [I2].

Country EU Average Sweden Denmark Estonia
Share of space heating 11% 51% 41.2% 38.4%
Share of DHW 14.4% 56.8% 66.4% 60.3%

For context, households represented 26% of total final energy consumption in
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the EU in 2023 [12]. Therefore, if addressing the heat consumption in the residential
sector, the overall final energy consumption in the EU would benefit.

Although District Heating Systems (DHS) are commonly associated with res-
idential heating, they also play a relevant role in supplying thermal demand in
certain industrial sectors. The industry is responsible for 30% of global energy
consumption, and 70% of this sector is generally characterised by low-temperature
heat and steam demand. For instance, food, beverages, tobacco, textile, and leather
industries. Therefore, this portion of the industrial sector could become a suitable
candidate for district heating supply [TY].

DHS generate heat in a centralized location and then distribute it to consumers.
District heating networks have been at the forefront of the industrial heat electri-
fication, with large heat pumps (HP) and electric boilers having been installed
and paired with hotwater storage to enable heat production during the cheapest
hours of renewable energy production and bulffer it for distribution during the day.
The same logic would apply to industrial heat, particularly in the production of
low-temperature steam [19]. Moreover, DHS have a great potential to integrate lo-
cal renewable energy generation and industry or municipal surplus energy, which
makes it especially attractive to local authorities and developers [2T]. However,
DHS operating exclusively with renewable energy sources (RES) remain uncom-
mon due to the limited dispatchability of many RES technologies. In practice,
systems typically combine conventional energy sources, different renewable tech-
nologies, and thermal storage solutions [27]. Consequently, alternative pathways
for supplying DHS sustainably are receiving increasing attention.

Among these alternatives, the surplus heat utilization has emerged as one of the
most promising opportunities for the decarbonization of DHS. Fourth-generation
district heating systems enable the integration of low-temperature heat sources
[24], which broadens the range of potential surplus heat sources that can be in-
tegrated in DHS. Data centers and Power Transformer Stations (PTS) are facilities
that inherently have a striking need for cooling, which makes them potential can-
didates for the evaluation of the surplus heat integration in DHS [34] [24]. A great
example of the integration of these technologies is the under-construction facility
“EnergiHub” in the municipality of Viborg (Denmark), which utilizes excess heat
from a nearby data center and two power transformers to improve the COP of
the heat pumps installed at the facility. In addition, the system simultaneously
provides cooling for both the data center and the transformers.

Another promising technology is the integration of surplus heat from Power
to X (PtX) facilities. This term involves any facility using conversion technologies
that turn electricity into carbon-neutral synthetic fuels as hydrogen or methanol.
Examples of PtX coupled with DHS is for example, the WeDistrict project in Lulea
(Sweden) [?5], in which they integrate the surplus heat of a data center to preheat
the inlet stream for a Solid Oxide Fuel Cell system powered by biogas, and then



this system delivers the electricity needed for the data center and surplus heat for
the DHS. In Denmark, the Kassg PtX owned by European Energy consists of an
e-methanol facility that provides sustainable district heating for up to 3300 house-
holds in the Abenra municipality [22]. A similar facility called “Tjele EnergiPark”
is planned on the outskirts of Viborg to produce e-methanol using renewable elec-
tricity generated by a photovoltaic plant and a wind farm.






Chapter 2

Literature review

In support of this project, a literature review chapter has been developed. It ad-
dresses previous studies on surplus heat integration in DHS, and reviews the cur-
rent strategies used to integrate different technologies.

2.1 Data Centers surplus heat integration in DHS

The Nordic countries offer extremely suitable weather conditions for data centers,
by providing the much-needed cooling energy. But this region can also benefit
from the excess heat these data centers provide, as there is a high demand for
heat in these countries. Data centers require vast amounts of cooling energy. The
electricity consumed in a data center almost completely converts to heat [34]. From
2024 to 2030, data centers electricity consumption grows by around 15% per year,
more than four times faster than the growth of total electricity consumption from
all other sectors [I7]. This tendency represents an opportunity to explore new
surplus heat sources, as other industrial waste heat sources are already utilized in
different processes and district heating on a large scale [B4].

The surplus heat usage in data centers is not only an opportunity, but it is also
becoming a mandatory policy. The Energy Efficiency Act clearly regulates data
center heat reuse in Germany. Starting July 1st, 2026, new data centers must pro-
vide proof and utilize at least 10% of their generated waste heat. This percentage
increases to 15% in 2027 and to at least 20% in 2028 [[I4].

During the assessment of the opportunities that data centers offer as an excess
heat source, it is important to consider the cooling technology as waste heat from
air-cooled data centers has temperatures of around 25-30 °C, while waste heat from
liquid-cooled data centers has temperatures of around 60-70 °C, which is why the
waste heat from liquid-cooled data centres often can be used directly in the district
heating grid, while the waste heat from air-cooled data centres will need a heat

pump [B].



6 Chapter 2. Literature review

2.2 Power Transformer Stations surplus heat integration in
DHS

There is limited literature for the potential of utilization of PTS excess heat. Petro-
vic et al. conducted a study about the potential of using PTS surplus heat as a
source for DHS in Denmark. The heat transferred from the oil to the air is seen as
an excess heat source as it is rejected to the environment, unused and at relatively
high temperature [24]. This solution could be implemented technically by replac-
ing the radiators used in existing transformers to cool the system, for the heat
exchangers coupled to the DHS. Alternatively, the radiators could be kept and an
air-to-water heat exchanger used to recover the excess heat [?4].

In the previously mentioned study, the potential of excess heat from PTS in
Denmark was studied. The potential for surplus heat recovery from PTS is dimin-
ished because of factors such as large distances from the production site to the
consumer. The demand that is not covered with the surplus heat coming from PTS
is produced with a HP. The reduction of the PTS surplus heat recovery potential
is replaced by the increase in HP electricity consumption. HP are considered the
alternative because even though biomass can be a transitional replacement for coal,
the questions of sustainable biomass, food, and biofuels production limit the us-
ability of biomass in the long term. Therefore, future DH production needs to be
based on electricity (electric boilers and large-scale heat pumps), solar heating and
excess heat [24].

2.3 Power to X surplus heat integration in DHS

As mentioned in the chapter [, the implementation of excess heat from PtX facilities
in DHS is already a reality. For instance, Kassg PtX has an agreement with local
municipal utility Abenra Fjernvarme to deliver heat to around 3330 houses.

District heating can improve the economics of PtX plants. In a study, it was seen
that selling surplus heat for reuse in district heating can improve the competitive-
ness of PtX plants located in Denmark compared to neighboring countries without
widespread district heating [IT]. The integration with district heating will provide
a competitive edge for the establishment of more hydrogen plants in Denmark.

Another benefit of integrating PtX facilities and DHS, is the expectation that
PtX plants will operate many hours, providing a stable source of high-quality heat,
meaning high temperature and high energy density, especially interesting when
compared with the dispatchability issue in RES [[T].

On top of that, waste heat from PtX processes is of particular interest to DH
companies, as it represents a carbon-neutral heat source and it is expected to be
available in substantial quantities close to large urban areas, offering the potential
to supply existing DHS as well as to strategically align the location of PtX plants.
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Moreover, auxiliary process in the facility as the CO, capture process for further
e-methanol production also generates large amounts of excess heat, which can be
used in district heating [IT].

A study conducted by different organizations, among them, the Danish district
heating branch organization "Dansk Fjernvarme" called "Power to X and District
heating", shares interesting and promising prospects about this matter. They con-
ducted two different case studies and here are some of their conclusions:

¢ Not only is there a revenue for the hydrogen produced in the PtX plant, but
there is also a revenue for the heat sold to the DHS, and the fact that it is
more profitable allows the plant to run longer, which makes it possible to
produce more hydrogen at a lower production cost as can be seen in figure
1. The sale of waste heat to the district heating grid will generate revenue
for the electrolysis plant, making it possible to achieve more operating hours
with a positive contribution margin.

5%

B Revenue from district heating

. Extra hydrogen revenue
16%

. Original hydrogen revenue

79%

Figure 2.1: Distribution of revenue for 20 MWE electrolysis plant with a district heating connection

(B].

* The additional operating hours increase the total annual production of hy-
drogen, which also helps to increase total revenue. This can be seen in figure
2, where the additional operating hours due to DH are evident from the
smaller number of white gaps in the bottom profile.
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400 MW electrolysis without district heating revenue
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Figure 2.2: District heating production in a large system with waste heat from electrolysis. Top:
operating profile without revenue from district heating. Bottom: operating profile with revenue
from district heating. [B].

The technology used in the PtX facility plays a huge role when assessing the
potential of excess heat recovery. For instance, the waste heat from alkaline elec-
trolysis is liquid-borne and has a temperature of 60-70 °C, and can therefore be
compared to waste heat from liquid-cooled data centres [B]. As this might seem
like excess heat recovery from PtX is not that different from the one in data centers,
still, there are some benefits. PtX plants can take breaks in their power consump-
tion, which introduces a high degree of flexibility for the system.

From Danske Fjernvarme studies, it can be seen that the district heating will
form a key part of the business case for the electrolysis plant. However, the assess-
ment of the specific prices will depend on specific factors for every facility such as
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the heat production that already exists in the area and whether the geographical
area in question has a shortage or a surplus of heat.

Lastly, there is a horizon to explore on the implementation of excess heat from
diverse sources, as the WeDistrict project in Lulea, also mentioned in the chapter
0, in which they integrate the low temperature surplus heat of a data center to
preheat the inlet current for a solid-oxide fuel cell system powered by biogas [?5].
This system also explores the grid independence of the data center, as the electricity
is provided by the fuel cell.






Chapter 3

Problem formulation

The surplus heat utilization is presented not only as an opportunity to get more
affordable energy prices but also as a necessary step towards a greener future and
a more competitive energy generation sector. Still, the evaluation of the different
technologies that offer excess heat has to be carefully assessed for every different
situation. Plus, the integration of different heat sources with different operating
temperatures represents a major challenge. The under-construction facility "En-
ergiHub" in Viborg is a great example of the integration of surplus heat from Data
Centers and Power Transformers, supported by Heat Pumps to meet DHS require-
ments.

The goal of this Master’s Thesis is to evaluate the heat rejection from a PtX plant
that is projected in the Viborg municipality and compare it with different excess
heat strategies that are currently being implemented to know how the Power to
X plant can affect the investments that have been already made. To do that, the
following scheme is applied:

¢ Obtain a detailed model in Aspen+ of a Power-to-methanol plant.

¢ Evaluate the excess heat utilization of a Power to X plant in the municipality
of Viborg, Denmark.

¢ Obtain a model in EnergyPro to optimize the plant operation economically.

With all this at hand, the main objective of this Master’s Thesis is to answer the
following research questions:

¢ Is the Power to X facility able to meet the heat requirements for the DHS in
Viborg municipality, while keeping realistic financial objectives?

* How does the future Power to X plant affect the investments already made
in the under-construction facility "EnergiHub"? Could excess heat from the
PtX plant be used for the same purpose, or could it be used differently?

11






Chapter 4

Description of the facilities

In this chapter, the under-construction facility "EnergiHub" (also referred as "En-
ergyHub") and the expected Power to X plant will be described. Especially for
the upcoming Power to X plant, some information will be obtained from existing
literature, as some characteristics remain unknown.

4.1 Power to X plant

The following information has been collected from the public information available
at [33]. The project is divided into three different areas: 65 MWp photovoltaic
plant at Kvorning; 3 wind turbines (18.6 MW to 21.6 MW installed) and a 17 MWp
photovoltaic plant at Sjerring and an energy cluster with 14 wind turbines at Vinge.
More information about the facility:

* Solar photovoltaic plants of 65 MWp and 17 Mwp will be installed within
a total area of approximately 700 hectares. The solar cells will be installed
either with fixed racks or trackers and the height of the solar panels will be a
maximum of 4.5 m.

* 17 wind turbines will be installed with a total height of up to approximately
185 m. They will be placed in two groups of 3 wind turbines in area 2 east of
Tjele Langse and 14 wind turbines in area 3 south of Tjele Langse.

* An energy cluster is planned with a biogas plant and a grass protein plant,
which will later be followed by an electrolysis plant, a methanol plant and a
pyrolysis plant, which together will constitute the energy cluster. The biogas
plant is expected to receive up to 1.6 million tonnes per year. For a plant of
this size, 574 truck trips per day can be expected. .

It is assumed that the wind turbine installed will be the Vestas V150-4.2 MW,
which hub height is within the specified for the Tjele EnergiPark.

13
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From the EnergyPro simulation, it was observed that the maximum produc-
tion was around 60% of the installed capacity. Following a conservative approach,
it was decided to implement a maximum electrolyzer plant capacity of 80 MW
divided into 4 modules of 20 MW. Each reactor would convert to methanol the
amount of H, given from a single electrolyzer. Hydrogen storage will be consid-
ered to buffer the production and allow more stability in the methanol reactor.

4.2 EnergiHub facility (under-construction)

The information related to this project has been shared by Ramboll, therefore, some
data in this report will be used from that source. The under-construction facility
uses excess heat from a Data Center and two Power Transformers. For different
reasons, the way the excess heat is distributed in the project is in two different
stages. The surplus heat coming from Power Transformer "SK3" and the data
center is one stage, and the excess heat coming from the other power transformer
"SK4" is a different stage.

The so-called EnergiHub or EnergyHub, counts with 6 heat pumps, 5 of them
with a cooling capacity of 3 MW and the last one, with a cooling capacity of 3.5
MW. The refrigerant used is a mix of propane (R290) and isobutane (R600a); the
ratio is unknown.

The return temperatures from the Viborg DHS are 35 to 45 °C and the required
delivery temperatures are 60 to 85 °C.



Chapter 5

Modeling of the Power to X plant

In this chapter, the modeling of the e-methanol plant will be discussed. In the
further sections, the modeling of the different components of the plant will be
presented. The goal is to have a more comprehensive view of the heat fluxes
available in a plant of these characteristics, so a more accurate analysis can be
done for the potential of the heat recovery. The whole plant will be modeled using
Aspen+, except for the electrolyzer unit, which is not available in Aspen+ and will
be modeled in Python and then connected to the plant simulation.

5.1 Electrolyzer

The technology selected is Proton Exchange Membrane (PEM) electrolyzer, as this
technology is more compact and efficient than alkaline electrolyzers and solid-
oxide devices have not reached yet a commercial readiness level [6]. Moreover,
PEM technology has previously been studied for heat recovery by [32]. The PEM
model was done following the design and equations cited in [A] and [T3]. As
mentioned in the previous articles, the mass transport losses are not relevant until
current densities of 1.6 A/cm?. As it is expected to work at lower densities, the
modeling of these losses is neglected. The parameters used are summarized in
table BI.

15
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Table 5.1: Parameter Values for the Electrolyzer Model

Parameter Value Source
Cell Area 0.7 m? [B30]
Number of cells 4298 -
Reversible voltage 1.229V [13]
Thermoneutral voltage 1481V [X3]
Symmetry factor («) 0.5 [3]
Anode exchange current density 10 A/m? [13]
Catode exchange current density 1000 A/m?  [13]
Membrane thickness 50 x10~%m [6]
Hydration therm (1) 22 [6]

The energy balance has been done following [23]. Instead of using an adiabatic
electrolyzer, the irreversible heat loss has been included in the energy balance as a
percentage of the electrolyzer’s electric power, as reported in [I0].

The performance of the electrolyzer is described in table B2.

Table 5.2: Performance of the 20 MW electrolyzer. *This heat represents the heat available between
the outlet and inlet temperature at the electrolyzer for water.

Electrolyzer performance

Water input 28288.4 kg/h
O, production 3591.94 kg/h
H, production 448.99 kg/h
Water output 24246.86 kg/h
Outlet temperature 82.3°C

Heat available for DHS * 775 kW

This model has been validated by means of the H, production, if compared
to the commercial PEM electrolyzers described in [30] from Hoeller Electrolyzer
GmbH, whose daily production is 378 kg/h of H, and Bosch, whose daily pro-
duction is 368 kg/h of H; for a 20 MW electrolyzer. Taking into account that the
electrolyzer modeled in this Master’s Thesis is a basic zero-dimensional model, the
production is considered close enough to the commercial level for the purpose of
this work.

5.2 Methanol reactor

As the electrolyzer is designed to offer a continuous hydrogen supply, the reactor
should be capable of producing a continuous yield of methanol. The Rplug is
chosen as, according to Aspen User Guide [?], it rigorously models plug flow
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reactors. This model also allows for a cooling stream around the reactor, even
using cocurrent and countercurrent coolant streams.

5.2.1 Chemical modeling

The methanol hydrogenation is an exothermic reaction that takes place in the pres-
ence of a Cu/Zn0O/ Al,O3 catalyst. About the kinetic model, the Vanden Busschen
and Froment model is used. The reactions that take place are the methanol syn-
thesis and the reverse water gas shift reaction (RWGS), as presented in equations
(B) and (B22), respectively.

CO; 4+ 3H; == CH30H + H,O (5.1)

CO; + H, — CO + H,O (5.2)

The kinetic model proposed by Vanden Bussche and Froment is considered
more suitable for modern renewable methanol plants because it assumes that
methanol is mainly produced through direct CO, hydrogenation rather than CO
hydrogenation, which better represents Power-to-Methanol processes. In addition,
the model explicitly incorporates the reverse water-gas shift reaction and the strong
inhibitory effect of water on Cu/ZnO/ Al,Oj3 catalysts, improving the prediction of
reactor performance under CO,-rich operating conditions. Several recent reviews
on PtX technologies highlight the relevance of kinetic approaches derived from the
Vanden Bussche and Froment formulation for PtX process modeling and reactor
design [28].

The kinetic rates as described in [4] are expressed in the form of equations b3
and B4, in which the pressures are expressed in bar and the reaction rates in
mol /kgcat/s.

ks, K3 Ks K4 Ki, peo, Pr, [1 - <PH20PCHsOH>]

3
pHZ Pco,

) (5.3)
"MeOH (1 N (KSK%ZI?HZ) (Ppﬂlf) + \/m—FKHzOPHzO)?)
K peo, [1 - K (2228e0)] 64

T'RWGS = X p
(1 + <7K8KP;ZI?H2> ( T ) + vEKu,pm, + KHZOszC))

The values for these rate constants as refered by Vanden Bussche and Froment
are shown in table B2k
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Table 5.3: Parameter Values for the Steady-State Kinetic Model

Rate Constants Equilibrium Constant K Activation Energy [J/mol]

VK, 0.499 17197

Kn,0 6.62 x10~11 124119
Km0

2 3453.38 —

KsKoKp,

kL, K5 K3 KaKp, 1.07 36696

K} 1.22 x1010 -94765

However, to introduce this data in Aspen+, the rate constants must be converted
to kmol and Pa and be expressed in the following correlation:

l?’lKi:Ai—l—Bi/T—i-Ci*ln(T)—l—Di*T (5.5)
Therefore, the rate constants ready to introduce are summed up in table

Table 5.4: Parameter Values for the Steady-State Kinetic Model

Rate Constants Pre-exponential A (In(K)) B (Activation Energy/8.314)
Factor (SI units)

K, 1.578x1073Pa %5  -6.4516 2068.44

Kn,0 6.62 x10716 -34.95 14928.92
Ku,0

2 3453.38 8.1471 —

KsK9Kp,

kL, K5 K3 KaKp, 1.07x10713 -29.866 4413.76

K 122 4.804 -11398.24

kL KyK3KyKpy, /K* - 4.182x107 17.5489 -2645.97

K, K* 1.1412 0.1321 -6624.12

The catalyst used is the MK-121 from Topsoe, as proposed by the author of a
previous Master’s Thesis [H], whose characteristics are detailed in table B5.

Table 5.5: Catalyst MK-121 from Topsoe properties

Catalyst MK-121

Bed voidage 0.38
Particle density 1300 kg/m?
Diameter 6 mm

Sphericity 0.9

5.2.2 Thermal modeling and sizing

When evaluating the thermal design of the reactor, the main focus is to remove the
heat of reaction efficiently to equilibrate the synthesis reaction at low temperature,
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ensuring high conversion per pass, without the desactivation of the catalyst. There
are different designs that can be used (quench reactor, adiabatic reactors in series,
or boiling water reactors) as mentioned by [T]. The Boiling Water Reactor (BWR) is
in principle a shell and tube heat exchanger with catalyst on the tube side. Cool-
ing of the reactor is provided by circulating boiling water on the shell side. By
controlling the pressure of the circulating boiling water, the reaction temperature
is controlled and optimized. The steam produced may be used as process steam,
introducing a potential heat recovery source. The isothermal nature of the BWR
gives a high conversion compared to the amount of catalyst installed. However,
to ensure a proper reaction rate the reactor will operate at intermediate tempera-
tures (between 240 °C and 260 °C) and consequently the recycle ratio may still be
significant [[].

The thermal design of the reactor has been done with a counter-current reactor.
The heat transfer coefficient “U” has been taken from [4]. The number of tubes, the
diameter of tubes and the length were not available in literature, so an optimization
routine has been developed, conducting a sensitivity analysis in Aspen+. This
sensitivity analysis is presented in table BA.

Table 5.6: Variables varied for the sensitivity analysis.

Variable varied Lower limit Upper Limit  Step
Diameter of tubes (D) 0.03 m 0.1 m 0.005 m
Number of tubes (N}) 160 700 20
Length (L) 1m 7m 0.25m

The variables that have been studied for this sensitivity analysis are the con-
version rate, the pressure drop in the tubes, and the maximum temperature in
the reactor. Once the results are obtained in Aspen+, an optimization algorithm
has been developed in Python to get the optimum design point. The optimization
workflow employs a sequential filtering and scalarization approach to identify the
optimal methanol reactor configuration. Initially, an a priori filtering mechanism
isolates the feasible design space by enforcing strict operational boundaries pre-
sented in table BZ.

Table 5.7: Constraints value for the optimization routine.

Variable Constraint value
Conversion 20 %
Pressure drop 2 bar
Maximum temperature 260 °C

Within this viable domain, decision variables have different scales, for example,
the number of tubes and the diameter of tubes. That is why these variables have
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been standardized using the Min-Max Normalization technique presented in equa-
tion B, which is a scaling technique that projects the raw values of each dimension
onto a dimensionless scale, ensuring all the values are within a bounded interval
of 0 to 1. It has been modified with an epsilon (¢ = 10~°) regularizer to ensure
numerical stability against division-by-zero errors. This approach effectively elim-
inates scale-bias and guarantees that variables with larger numerical magnitudes
do not disproportionately dominate the optimization landscape.
X — Xmin

X = 5.6
o Xmax — Xmin 1 € ( )

Consequently, a multi-objective trade-off is solved via a Weighted Sum Method,
establishing a composite objective function presented in equation b9, where equal
weighting coefficients are assigned. Because all normalized variables are summed
directly without additional weighting factors, the optimization implicitly assigns
equal importance to the number of tubes, tube diameter, and reactor length. The
optimization is performed under a minimization criterion. Consequently, the reac-
tor configuration associated with the minimum score represents the best trade-off
between compactness and reduced equipment cost while satisfying all imposed
thermodynamic and operational constraints.

3
Score = E X norm (5.7)
i=1
where
xi € {Ny, Dy, L} (5.8)
so the score function is
Score = Nt,norm + Dt,norm + Lnorm (59)

Finally, the interaction between these three design dimensions, the boundary
limits and the optimum point is evaluated visually in a 3D graph that can be seen
in figure Bl
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Optimal methanol reactor configuraticn

Inviable
Feasible

@ optimum [2.75

R E F2.50
F2.25

F2.00

Length (m)
Score

rL75

F1.50

F1.25

- 1.00

Figure 5.1: Results from the optimization routine to get the most optimal configuration of the
methanol reactor. Inviable points are represented in light grey; the feasible points are represented in
pastel colours and the optimum point is in black.

A summary of the final reactor configuration can be seen in table b8.

Table 5.8: Optimum design for the methanol reactor.

Optimum Methanol Reactor Configuration

Number of tubes 180
Diameter of tubes 0.065 m
Length 225 m

Once the optimum design is known, the rest of the plant is modeled.

5.3 Distillation column and recycling loop

As the conversion of the reactants is not complete, the reactor’s outlet flow contains
H,, CO,, CHy, CO and H»O. To obtain the methanol and recover the reactants, the
mix has to undergo a process with different changes in its pressure conditions. The
first stage is to condense water and methanol at low temperature in a flash tank.
Before that, there is a heat exchanger to lower the temperature, offering another
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source of heat for further processes. In the dome of the flash tank, Hy, CO and CO,
are recycled and water and methanol remain at the bottom of the flash tank. The
next stage is to separate water and methanol in the distillation column, but before
that, another flash tank is placed to clean the mix of any gases that might remain
in the solution.

The distillation column has 20 stages and counts with a condenser and a re-
boiler to obtain high purity in the methanol production. The final model of the
plant is shown in figure B2.

RECYCLHP
. o
MIXER HEATER REACTOR COOEER
2— coz 3| MiXt €3 mixinot ==l PROD —{J—{ PrROD-COL
2 H20
MH30H

Figure 5.2: Power to X plant modeled in Aspen+. (This figure can be seen better in Appendix O)

The total conversion with the recycling loop is 99.02%, defined as shown in
equation BI0.

Fco, before mixer — Fco,,PURGE — Fc0,,c02-PURGE (5.10)
F CO,,before mixer

Xrecycling =

where F represents the molar flow rate of CO; in the corresponding stream.
More information about the process streams in the plant is shown in table B9.
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Table 5.9: Process streams conditions for the methanol plant.

CcO2 CO2-PURG H2 H20  MET-WAT MET-WAT2

T [°C] 35.0 59.0 82.3 35.0 35.0 35.0
P [bar] 75.0 1.1 75.0 75.0 70.0 2.0
rir [kg/hr] 3292.76 30.09 45248 389.13 4822.48 4796.97
Mass fraction (wt%)

H; 0 0 100 0 0 0
H,O 0 0.06 0 100 35.71 35.89
CO, 100 30.86 0 0 0.79 0.31
CcoO 0 0 0 0 0 0
CH;0H 0 69.07 0 0 63.50 63.80

MET-WAT3 METHANOL MH30OH MIX1 MIXIHOT PROD

T [°C] 35.0 59.2 35.0 40.9 240.0 258.7
P [bar] 11 1.1 75.0 75.0 75.0 72.7
ri1 [kg/hr] 4796.97 2728.79 692.11 36689.90 36689.90 36689.90
Mass fraction (wt%)

H, 0 0 0 27.99 27.99 26.77
H,O 35.89 0.25 0 1.21 1.21 4.84
CO, 0.31 0.21 0 48.39 48.39 39.52
CcO 0 0 0 19.16 19.16 19.16
CH;0H 63.80 99.54 100 3.25 3.25 9.71

PROD-COL PURGE RECYCL RECYCLHP WATER

T[°C] 35.0 35.0 35.0 42.6 89.5
P [bar] 75.0 2.0 70.0 75.0 1.1
ri1 [kg/hr] 36689.90 25.50 31867.40 31863.40 2038.09
Mass fraction (wt%)

H; 26.77 0.92 30.83 30.81 0
H,O 4.84 0.81 0.17 0.17 84.15
CO, 39.52 90.08 45.38 45.39 0
CcO 19.16 1.16 22.06 22.06 0

CH30H 9.71 7.03 1.57 1.57 15.85







Chapter 6

Saving potentials - Opportunities for
heat recovery

This chapter explores the different spots where the excess heat in the e-methanol
plant is present and evaluates the potential to integrate it for a District Heating
System. Pinch analysis is the technique that has been used for this purpose, which
is a systematic, thermodynamic methodology used to optimize energy efficiency
in industrial processes. By mapping out hot and cold heat streams, it identifies
the minimum theoretical energy needed to run a facility, helping to maximize heat
recovery and reduce utility costs [26]. The first step in this methodology is to
choose a minimum exchange temperature AT,,;,. The lower the value of AT, the
more energy that can be recovered. However, the capital costs increase because the
heat exchangers increase in size. AT is a trade-off between the annualized capital
costs and the costs of running the plant every year. According to [26], a preferable
value to set the AT,,;,, is around 10 K.

To analyze if there are any feasible spots to use the surplus heat from the Power
to X facility for the DHS, a pinch analysis has been conducted using Aspen+ Energy
Analyzer (AEA) tool, exporting the model described in chapter B. When initializing
this tool, the software already sets some values for the price of the utilities or the
devices, as it sizes the heat exchangers. AEA is a great and powerful tool for
energy assessments; yet it has some limitations when integrating other equipment,
such as chemical reactors, as it does not recognize them as reactors, but as heat
exchangers. In this case, AEA recognizes the methanol reactor as a heat exchanger
that uses "Hot Oil" as a utility. However, as described in chapter B, the reactor
is designed to be a BWR. For this reason, especially in the case of the heating
demand, the results are not completely reliable. Fortunately, for this report, the
cooling demand is the main focus when analyzing the surplus heat recovery for
DHS. From the economic side, the cost of the utility "Hot Oil" is set to 0, so the
impact when evaluating the operating cost is decreased. See more at Appendix [Al.
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6.1 Identifying spots and strategies for heat recovery

The model presented in figure B2 did not include any optimization or heat integra-
tion, yet there are some processes where heat can be recovered. This is what will
be explored in this section. This analysis will be done using a minimum exchange
temperature of 10 K, as a reference. For further discussion about the most suitable
AT, see section B2.

The first pinch analysis that will be described is the one for the so-called “Orig-
inal System”, that is, the system described in chapter B, without any heat inte-
gration. One of the tools that the pinch analysis offers is the Grand Composite
Curve (GCC), a diagram where each heat flow can be drawn against its respective
temperature interval. In figure B, the first thing it can be identified is the pinch
point at 89.3 °C where the line approaches the vertical axis. The importance of this
point lies in the fact that this pinch point divides the system into two zones; over
the pinch point the streams need heating power and under it, they need cooling
power. Heat under this point is worth using for a low-temperature system as a
DHS. The streams in those segments belong to the condenser in the distillation
column, the heater before the reactor, and the cooler after the reactor. Therefore,
these are the spots in which an energy exchange with a low-temperature system
would be worth considering. From 0.5 MW and 2.5 MW, there is a significant cool-
ing demand at a temperature around 58 °C, which is the cooling demand for the
condenser in the distillation column. Unfortunately, this heat cannot be supplied
directly to a DHS, as the required delivery temperatures for Viborg Varme are in
the range between 60-85 °C. The condenser should rely on another system, such
as a heat pump, to take the water up to the required delivery DHS temperatures.
This will be covered in section B3.

Coming back to the GCC, there are also the so-called "pockets" around 250 °C
and 100 °C, and another peak around the pinch point. They represent the oppor-
tunity to cover a heat demand with an existing stream within the process. The
top one represents the heat demand of the methanol reactor, which, as indicated
before it is not realistic for an exothermic reaction, so it will not be taken into con-
sideration for further analysis. The horizontal line between the pinch temperature
and 100 °C, indicates the heating demand of the reboiler. The pocket around 100
°C indicates that part of this heating demand could be covered by another process,
which is part of the cooling demand after the reactor. However, for the last peak
at the pinch point, things do not work the same way. That is because pinch point
is a bottleneck. The reboiler has a heat demand to cover and the condenser needs
to give heat away. Still, the condenser’s thermal load is available only at 60 °C,
which is below the reboilers required temperature of 80 °C. A significant energy
bottleneck exists at the pinch point, which is one of the reasons why the GCC is a
great tool to identify the thermodynamic limits for heat integration in a system.
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Figure 6.1: Grand Composite Curve for the original system.

Another interesting spot is located around a value for the heat flow of 1.5 MW,
where the curve is vertical. This means that the cooling and heating demand
around 103 °C and 200 °C are coupled, so in this spot, there is a high possibility for
a heat integration. Specifically, these two currents belong to the heater and cooler
placed before and after the methanol reactor. This represents a good starting point
for the design of the heat integration in the e-methanol plant.

Another useful tool the pinch analysis provides is the composite curve. Here,
the cooling and heating demands are illustrated better. For this case, the cooling
energy needed is around 3.69 MW, while the heat demand is around 1.43 MW,
as can be seen in figure B2. This leaves a wide margin to use cooling utilities
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for example, the DHS streams. However, this also depends on the temperature
required to cool the process stream. As mentioned before, the DHS in Viborg works
with delivery temperatures around 60 °C to 85 °C, while the cooling demand here
is set at a temperature around 40 °C. However, the system can still explore other
opportunities to cover its cooling demand while delivering heat for the DHS.
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Figure 6.2: Composite Curve for the original system.

The information regarding the heat capacities for every heat exchanger has
been collected and presented in table Bl

Table 6.1: Heat exchanger stream temperatures and heat capacity flow rates

Heat exchanger Tintet [°Cl Tounet [°Cl CP [kW/°C]
258.70 108.17 49.11
COOLER 108.17 77.18 88.97
77.18 35.00 69.86
40.86 71.81 63
HEATER 71.81 146.56 49.62
146.56 240 49.85
79.34 81.34 290.08
REBOILER @DIS-COL 81.34 84 221.3
84 89.52 185.6
66.2 65.44 2297.76
CONDENSER @DIS-COL 65.44 63.87 85.37

63.87 59.17 14.2
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Using the information provided in table B, a validation study has been con-
ducted to verify the consistency of the minimum utility requirements and the pinch
location, and it can be seen in appendix D.

When looking at the utility system, the Energy Analyzer tool proposes different
configurations, which are presented in table B2.

Table 6.2: Main heat exchangers operating data.

Heat ex- Hot Inlet Outlet Cold Inlet Outlet
changer stream  hot hot stream  cold cold
[°C] [°C] [°C] [°C]
COOLER PROD 258.7 35 Cooling 20 25
water

HEATER HP 250 249 MIX1 40.9 240
Steam

Condenser Process 66.2 59.2 Air 30 35

@DIS stream

Reboiler LP 125 124 Process 79.3 89.5

@DIST Steam stream

This information is crucial if evaluating the heat exchange for the DHS, because
the information obtained from the EnergyHub project, states that the DHS water
return is in the range between 35 °C to 45 °C, which is higher than the inlet cold
temperatures for the cooler and the condenser of the distillation column.

From the GCC in figure b1 and the Composite Curve in figure b2, it has been
inferred that there was the possibility of heat integration within the process itself,
as well as the possibility to explore other integrations with a DHS. For that matter, a
different configuration of the system has been investigated. In this case, the cooling
step after the methanol reactor and before the distillation is divided to recover
the high-temperature heat, so before the pinch temperature, for the heater placed
right before the methanol reactor. This is done using the heat exchanger named
"INTER". Later, there is another heat-exchanger named "COOL-DHS" configured
to deliver energy to the utility named "DHS" and a small heat exchanger to supply
extra cooling and get to the 35 °C that the distillation requires. The process flow
diagram is shown in figure B3.
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Figure 6.3: Power to X plant modeled in Aspen with heat integration. (This figure can be seen better
in Appendix()

The "INTER" heat exchanger has been configured so that the AT,,;, is equal to
10 K. Aspen+ runs the simulation and proposes the most optimal solution, whose
exchange temperatures are shown in table B3. It was also considered to cool down
the process stream "PROD" close to the pinch temperature (around 90°C), but for
that configuration, the AEA gave a massive heat exchanger with an exchange area
over 1000 m?. The present configuration uses a heat exchanger of 153 m?, a value
much closer to the other heat exchangers present in the facility. The temperature
profiles can be seen in table B3.

Table 6.3: Main heat exchangers operating data.

Heat ex- Hot Inlet Outlet Cold Inlet Outlet
changer stream  hot hot stream  cold cold
[°C] [°C] [°C] [°C]
HEATER HP 250 249 MIX1 143.5 240
Steam
INTER PROD 268 151.1 MIX0 40.16 143.5
Condenser Process 66.21 57.89 Air 30 35
@DISTCOL stream
COOLER PROD- 39.64 35 Cooling 20 25
2 Water
Reboiler LP 125 124 Process 79.37 89.58
@DISTCOL Steam Stream
COOL- PROD- 151.1 39.64 DHS 35 70
DHS DHS

The temperature profiles this time are feasible for the integration of a DHS, in
the heat-exchanger named "COOL-DHS". For a more extensive comprehension of
the heat integration in this configuration, the composite curve is shown in figure
e
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Figure 6.4: Composite Curve for the cooling integration from DHS.

As for the original system, the information regarding the heat capacities for
every heat exchanger has been collected and presented in table b4.

Table 6.4: Heat exchanger stream temperatures and heat capacity flow rates for scenario with heat
integration

Heat exchanger Tintet [°Cl Tounet [°Cl Cp [KW/°C]
267.65 137.49 29.49
COOLER 137.49 62.08 52.7
62.08 35.00 40.35
40.15 59.66 37.92
HEATER 59.66 82.3 40.64
82.3 240 29.52
79.48 81.52 283.5
REBOILER @DIS-COL 81.52 83.24 22591
83.24 89.78 186.1
66.21 65.29 1951.7
CONDENSER @DIS-COL 65.29 63.45 70.36
63.45 57.94 12.75

The cooling demand now is 2.99 MW, which is a 18.97% lower than the original
case, while the heat demand is 0.96 MW, which is 32.87% lower than the original
case. There is definitely a reduction in energy consumption when integrating the
heat of the process for the methanol production. Plus, the district heating network
could benefit from a heat source of 529 MW, coming from the heat exchanger
named "COOL-DHS". This also represents an opportunity for the e-methanol plant
to use a low-cost cooling source. In economic terms, the cooling and heating cost
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indexes are reduced by 98.4% and 63.2%, respectively. For more information about
the economic parameters and prices, consult Appendix [Al.

Table 6.5: Energy demands for the different scenarios and their respective cost index.

Scenario Cooling Heating Cost Index  Cost Index
Demand Demand  Cooling Heating
[MW] [MW] [€/h] [€/h]

Original System  3.69 1.43 5.72 605.16

Integrating DHS ~ 2.99 0.96 0.088 222.48

Not included in the Aspen+ model, there is the electrolyzer. This is another
system that could be used as a low-temperature heat resource as used in [32].
In that study, the researchers defined three different scenarios for the usage of
the surplus heat. The first one delivered the surplus heat to an external system
directly from the recirculation water circuit; the second one delivered this heat to a
heat pump that elevated the temperature up to 100 °C; the third one contemplated
the connection with a low-temperature heat district network connected with a heat
buffer that added more flexibility to the proposed system, as this would allow to
add other heat sources to meet the DHS demands. The PEM electrolyzer proposed
in this Master’s Thesis operates in a range from 55 °C to 82.3 °C. From the PEM
model described in subsection B, the convective heat available from the water
recycling loop when running the electrolyzer corresponds to 755 kW, which has
been integrated in Aspen+ as a heat flux, and later integrated to the pinch analysis,
which shows the following results for the composite curve in figure B5.

Composite Curves Integrated System + Electrolyzer
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0,000
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Cold Composite Curve Cummulative Heat Flow (MW)

Figure 6.5: Composite Curve for the cooling integration from DHS and the electrolyzer water loop
heat.
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Once again, the information regarding the heat capacities for every heat ex-
changer has been collected and presented in table BA.

Table 6.6: Heat exchanger stream temperatures and heat capacity flow rates for scenario with heat
integration and electrolyzer

Heat exchanger Tintet [°Cl  Tounet [°Cl Cp [KW/°C]
267.65 137.49 29.49
COOLER 137.49 62.08 52.7
62.08 35.00 40.35
40.15 59.66 37.92
HEATER 59.66 82.3 40.64
82.3 240 29.52
79.48 81.52 283.5
REBOILER @DIS-COL 81.52 83.24 22591
83.24 89.78 186.1
66.21 65.29 1951.7
CONDENSER @DIS-COL 65.29 63.45 70.36
63.45 57.94 12.75

The composite curve in figure B4 shows how, while the heating demand is
kept the same, the cooling demand is increased on 25.42%, with a total value of
3.75 MW. On a first approach, this can be seen as the electrolyzer heat recovery
does not present any advantages, but that is because the electrolyzer heat is seen
as an extra cooling demand, as the temperature range is lower than the pinch
point. The system has integrated a 775 kW more of potential heat recovery ready
to deliver to a DHS facility. The DHS utility is integrated as a product that the
facility is producing instead of a cooling demand.

In table b7, a summary of the different options and the surplus heat integration
into a DHS can be seen.

Table 6.7: Energy demands for the different scenarios and their respective cost index.

Scenario DHS heat integration potential [MW]

Original System -
Integrating DHS 5.29
Integrating DHS and Electrolyzer 6.07
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6.2 Temperature approach sensitivity analysis

To choose the most optimized design for the heat integration in the plant, a sen-
sitivity analysis has been conducted. In there, a comparison of the economic and
the energy recovered will be made. To ensure the economic feasibility of the sen-
sitivity analysis conducted for the heat exchanger network (AT values of 10, 15,
and 20°C), the capital cost parameters within AEA were updated to reflect cur-
rent market conditions. More information about this can be found in Appendix [Al.
The hours of operation are estimated for 5000 h. The results from the sensitivity
analysis are summed up in table bR.

Table 6.8: Process performance metrics for different DT values

AT Capital Total Annual HX area Heating Cooling

(M¢€) Cost (k€/year) (m?) (MW) (MW)
20 1.356 382.18 2486 1.52 4.28
15 1.478 324.86 2680 1.25 4.02
10 1.572 281.75 3056 0.96 3.75
7 1.664 253.90 3202 0.81 3.61
6 1.717 249.55 3270 0.75 3.56
5 1.746 244 .37 3350 0.70 3.50
3 1.846 238.46 3575 0.60 3.40
2 1.873 228.87 3528 0.52 3.32
1 2.140 23291 4109 0.44 3.24
0.5 2.398 242 .61 4668 0.40 3.20

The sensitivity analysis shows that the cost of the utilities has a higher impact
on the Total Annual Cost than the annualized cost of capital. If the investment
opportunity is present, lower AT designs allow lower total annual costs in the long
term, as shown in this analysis. Based on the evaluated cases, the economically
optimal configuration corresponds to a minimum temperature difference of 2 K.

6.3 Another heat recovery opportunities - Introducing heat
pumps

As mentioned in section B, the condenser in the distillation column has a sig-
nificant cooling demand. Although the condensation temperature approaches the
58 °C, and it cannot be considered as a direct heat source for a DHS, there is the
possibility of using this source to improve the COP of the heat pumps that have
been designed for the EnergyHub facility. This is especially worth considering as
the condenser duty is 2 MW, and the heat pumps are designed to work with a
nominal power of 3 MW, so it is in the range.
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The under-construction facility "EnergiHub" uses the Apple Data Center and
the EnergiNet Transformers excess heat as a heat source to evaporate the refriger-
ant, so the approach would be to use the 2 MW heat coming from the condenser
in the Power to X plant.

To further study this configuration, a utility stream has been created in the
Aspen+ model to supply cooling to the condenser in the distillation column. More
information about this stream is shown in table B9. A design value for the AT in
the condenser has been set with a value of 5 K, and the inlet temperature in the
hot side of the heat pump’s evaporator has been set to 40 °C. This temperature
represents a more advantageous scenario than the present situation, as the inlet
temperature in the hot side of the heat pump’s evaporator is 30 °C coming from
Apple Data Center.

From the information provided by Ramboll, a very basic model of the heat
pumps that will be installed in the "EnergyHub" facility has been modeled in
SNEES. A brief comparison between both options is presented in table B9.

Table 6.9: Heat pump evaporator operating parameters for different scenarios.

Scenario Evaporator Tj,,; Evaporator Tyuper  Tevaporation COP
[°C] [°C] [°C]

Present solution 30 20 15 3.43

Integrating PtX 53 40 35 5.25

By providing a heat source of higher temperature to the heat pump, the COP
value increases significantly by 153%. That is because the duty required by the
compressor is lower in the second case, as the AT between the evaporation tem-
perature and the condensation temperature is 45 K, instead of 65 K.

Even if theoretically, the integration of the low temperature excess heat as a
heat source for the heat pump has its benefits, it will not be considered for the next
assessments in this master’s thesis, as the economic evaluation of this solution
becomes more complicated. However, it is present here as a future opportunity
to integrate not only the surplus heat, but also to expand the possibilities of the
under-construction facility EnergyHub.






Chapter 7

Modelling in EnergyPro

The renewable power plants are modeled following the information in section BE.
Therefore, there is an 82 MW solar photovoltaic plant and a wind farm formed
by 17 wind turbines of 4 MW each. The meteorological time series are obtained
from the EnergyPro database from online CFSR2 data at position 56.53N 9.61E (the
closest location available to where the plant is meant to be constructed) in the year
2023, as the year 2025 was not available yet and the year 2024 was a leap year. The
electricity prices were also taken from EnergyPro database, especifically the Nord
Pool database, for the year 2025. The electrolyzer and the methanol reactor were
modeled as “User Defined Energy Conversion Units” based on data obtained from
the Python and Aspen+ models, respectively. Special attention was given to the
modeling of surplus heat, which was implemented according to the information
presented in Table B1. Revenues were considered for the methanol selling price
commented on in appendix B, and the exported electricity to the grid. Revenues
from the sale of O, were not considered and the DHS revenues were considered 0
for the reasons mentioned in appendix [Al.

As discussed in Chapter B, the plant was initially modeled using a modular
approach. Each module, or block, consists of a 20 MW electrolyzer together with a
methanol reactor sized according to the hydrogen production of that electrolyzer.
This modular configuration was selected to provide greater operational flexibility.
In total, the facility was intended to include four blocks.

Once the EnergyPRO simulation was implemented and the renewable electric-
ity production profile was considered, it became necessary to reassess the methanol
production capacity. Therefore, the Electrolyzer and Methanol Reactor units were
modeled under four different operating configurations, corresponding to elec-
trolyzer capacities of 20, 40, 60, and 80 MW. The layout of the simulation can
be seen in figure [Z1.

37
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Figure 7.1: Layout of the Power to X methanol plant in EnergyPro.

However, preliminary simulation results showed that imported electricity ac-
counted for approximately 45% of the total electricity consumption. Since the ob-
jective of a Power-to-Methanol plant is to produce synthetic fuels primarily from
on-site renewable electricity, reducing grid electricity consumption became a key
optimization target. A high dependence on imported electricity would reduce the
renewable character of the produced methanol.

For this reason, four additional scenarios with reduced methanol production
demand were evaluated. The information can be seen in table [Z1. The configura-
tion that achieved the lowest share of imported electricity consisted of four 20 MW
electrolyzer blocks combined with a methanol reactor sized only for the hydrogen
production of a single electrolyzer block. In this configuration, hydrogen storage
plays a central role: hydrogen production can vary according to the availability of
renewable electricity, while the methanol reactor operates at a nearly constant load
for as long as possible. Hydrogen storage is integrated in the fuels” blocks.

Table 7.1: Scenarios considered for the methanol production scale-up.

Scenario Share of grid-electricity
4x20 MW electrolyzers + 4x15 MW methanol reactors 45.42%
4x20 MW electrolyzers + 3x15 MW methanol reactors 37.74%
4x20 MW electrolyzers + 2x15 MW methanol reactors 23.47%
4x20 MW electrolyzers + 1x15 MW methanol reactors 9.14%

In the final configuration, a surplus hydrogen production of 92751.5 kg was
observed, which remained unused by the methanol reactor. This reflects one of
the main limitations of the current modeling approach, namely the limited repre-
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sentation of operational flexibility. Both the electrolyzer and the methanol reactor
were modeled solely using nominal production data, and therefore part-load and
transient operation were not considered.

7.1 Results of the modeling in EnergyPro

After the simulation, the yearly demand and production of the different species
are indicated in table IZ2.

Table 7.2: Fuels and products yearly demmand and production

Fuel or product Demand [ton] Production [ton] Fuel not used [ton]

Water 254914.065 254914.065 -
Hydrogen 3953.492 4046.244 92.751
Oxygen 32369.952 32369.952 -
Methanol 23572.426 23572.426 -
Carbon dioxide 28769.194 28769.194 -

Talking about the electricity production of the plant, the electrolyzer consump-
tion and the extra production sold to the grid are represented in figure [Z2.

Demands/consumptions
Electricity

(Alternative - 3)

231.287 2 MWh

180.233,6 MWh

Electrolyzer [l Export

Figure 7.2: Electricity production used by the electrolyzer and exported to the grid.

A Power to X plant represents not only a business opportunity for the methanol
production, but also a business opportunity for the development of other renew-
able technologies, as is the case for the PV plant and wind farm. The total revenues
of the facility accounted for 38.92 M€/year. The methanol sale represented 60.1%
of the income. More detailed information can be found in table Z3.
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Table 7.3: Financial overview of the P-t-X plant

Concept / Item

Total (€)

Revenues
Electricity export revenue
Methanol revenue
Waste heat revenue

Total Revenues

15 342 726
23 572 426

0
38 915 152

Operating Expenditures
Electricity import payment

3 496 826

Operation Income

35 418 325

For other operating parameters as for example the operating hours of the plant,

this can be seen in table [74.

Table 7.4: Operation summary of the Power to X plant

Modules

Operating hours [h]

Full load operating hours [h]

Solar photovoltaic
Wind farm
Methanol reactor
Electrolyzer

4872
8456
8737
8737

1071.75
4206.29
8737
2252.92

7.2 Comparison of surplus heat recovery in the EnergyHub

and the PtX plant

The most important thing to get from the EnergyPRO simulation is the excess heat
potential that the Power to X plant can offer. This corresponds to a total amount of
55664.9 MWh a year, whose share is shown in figure [Z3.
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Figure 7.3: Excess heat production sources.

The methanol reactor, specifically the heat exchanged during the cooling pro-
cess after the methanol reactor in the heat exchanger named "COOL-DHS", is the
one that offers a higher contribution to the excess heat recovery potential.

The expected heat recovery from the EnergyHub is 170126 MWh/year, but
this includes the heat produced by the heat pumps. If compared to the potential
excess heat recovery from the PtX facility, which is 55664.9 MWh/year, the under-
construction facility "EnergyHub" can offer up to 67.28% more heat. However, the
PtX facility does not require an extra investment for the installation of the heat
pumps, and for this study, the excess heat has been valued at a very competitive
price.

The figure 74 is key to comparing both facilities. The EnergiHub contributes as
a base load for the Viborg DHS energy demand. The heat supply coming from the
Energinet transformers accounts for around 5 MW during 6100 operating hours,
while the heat supply coming from the Apple Data Center accounts for around 20
MW during 6500 operating hours.
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Figure 7.4: Duration curve, heat production year 2030, showing the priority of plants.

From the EnergyPro simulation, the peak load that the excess heat could offer
was 8.67 MW. This is low compared to the total amount the EnergyHub is pro-
viding (around 25 MW), but the Power to X facility offers longer operating hours
for the heat delivery. This makes the surplus heat integration from a Power to
Methanol plant in a potential source of base load for DHS. The total number of
hours that the plant can offer heat depends greatly on the methanol reactor op-
eration hours. For this case, the total 8737 h, which is a very close value to the
total hours in a year. In this simulation, no plant outage was considered, but as
a reference value, the DEA [T0] mentioned 3 weeks (504 h) of planned outage, for
maintenance activities such as catalyst replacement. Therefore, the main benefit of
the PtX surplus heat could be reduced. Figure I35, shows the yearly surplus heat
production of the e-methanol plant that can be deliver to the DHS system in a red
line. It shows the maximum heat supply for some days during the year, presum-
ably when the hydrogen stored is used for the methanol production. In green, a
heat production of around 5.5 MW for the methanol reactor and in blue a heat
production of around 0.8 MW for the electrolyzers.
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Figure 7.5: Yearly heat production at the Power to X plant.






Chapter 8

Conclusions

After the completion of this Master’s Thesis, several conclusions can be drawn
from the technical and economic analyses performed.

¢ The potential for surplus heat utilization into a DHS from a hypothetical PtX
plant with a methanol production capacity of 15 MW is more limited than the
potential of surplus heat utilization in the "EnergyHub" facility. Although the
operating hours are longer, they are strongly related to the methanol reactor
operation, therefore also to the outages.

¢ In this assessment, the technical opportunities for heat recovery in a Power
to X facility have been analyzed. Still, the decision-making process regard-
ing the implementation of alternative heat sources within the district heat-
ing network ultimately depends on Viborg Varme. Therefore, the economic
feasibility assessment must be carefully evaluated in the future, especially
considering that the EnergyHub facility is already under construction.

¢ The results indicate that the proposed Power-to-X plant does not represent a
significant threat to the operation or economic viability of the under-construction
EnergyHub facility. Mainly because the heat recovery potential is limited, sit-
uated around 6.5 MW, when the EnergyHub facility could provide up to 25
MW. Instead of a threat, this approach could co-exist with already existing or
planned technologies. If Viborg district heating demand was planned to be
increased, by means of an increase in population or by adding other nearby
populations to their system, the addition of another base load heat supply
would be very interesting.

* One of the main advantages of integrating a DHS with a PtX plant is the
possibility of partially satisfying the cooling demand of the facility through
heat recovery. Nevertheless, the plant would remain dependent on additional
cooling technologies and auxiliary cooling systems.
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Chapter 8. Conclusions

* Opverall, the integration of surplus heat from Power to X facilities into district

heating networks can contribute to improve energy efficiency and sector cou-
pling. However, the feasibility of such integration strongly depends on exist-
ing heat providers, operational strategies for the renewable fuel production,
heat demand profiles and future demand prospectives, and the economic
framework of the project.

In this chapter it is also included a brief summary of recommendations for

further work related to this project.

e The simulations carried out in EnergyPRO highlighted the importance of

adopting a more flexible operational strategy in future studies. A dynamic
and adaptable modeling approach could provide more accurate and con-
sistent results, particularly when integrating intermittent renewable energy
sources and variable heat demands.

From an engineering perspective, the proposed e-methanol plant presents
several opportunities for internal heat recovery and process integration. While
some integration strategies were investigated in this thesis, such as heat re-
covery and integration to heat and cool the process stream in the methanol
reactor, additional opportunities remain unexplored. In particular, future
studies could evaluate the integration of surplus heat within the associated
biogas plant, which is also part of the proposed “Tjele EnergiPark” facility
but was outside the scope of this project.

Aspen Energy Analyzer was proven not to model the thermal performance
of a BWR correctly, so another software or tool could be used for a fitter
analysis of the whole facility and the potential savings in the cooling part of
the methanol reactor.



Appendix A

Economic considerations for the e-
methanol plant

A.1 Cost of capital and investment considerations

Aspen+ default Hall correlation constants (2 = 10,000 and b = 800) are based
on a historical cost index (CEPCI ~ 500). Therefore, a scaling factor of 1.69 was
applied to these coefficients to align the estimates with the January 2026 Chemical
Engineering Plant Cost Index (CEPCI = 840.6). These prices correspond to USD,
so to convert it to euros, a conversion factor of 0.85 is applied (on 13th of May 1$=
0.85€). This adjustment is essential for accurately capturing the modern inflation
of stainless steel and fabrication labor, ensuring that the trade-off between Capital
Expenditure (CAPEX) and Operating Expenditure (OPEX) correctly identifies the
most cost-effective approach for the current economic climate.

The rate of return is 4%, the plant life is 25 years from [10].As mentioned in
section B2, the hours of operation are estimated for 5000 h, which will be updated
later on once the simulation in EnergyPRO is conducted.

A.2 Cost of utilities

The cost of utilities is taken as a reference from [10U] and are indicated in table A
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Table A.1: Utilities cost for the heat exchangers network of the e-methanol plant.

Utility Name  Aspen Cost Index [€/k]] Source

LP Steam 1.667e-05 [To]

HP Steam 1.667e-05 [
Cooling Water 2.125e-07 AEA Database
Cooling Air 1.000e-09 AEA Database
DHS 0 *

Hot Oil 0 **

* Commented in section [A3.

** As indicated in chapter B, AEA does not recognize the methanol reactor as a
boiling water reactor but as a regular heat exchanger, so to mitigate the impact of
this event when evaluating the operating cost, the cost of the utility "Hot Oil" is set
to 0. The methanol reactor is the only equipment in the HEN that uses the utility
"Hot Oil".

A.3 Cost of DHS cooling as a utility

In a thermoeconomic analysis is important to correctly allocate the capital and
operation costs to the products, to obtain the plant revenues. Therefore, it is crucial
to identify the final products, as for instance in the plant modeled in this project,
the main output is e-methanol. Still, there are some other flows, as the O, output,
whose integration in the market must be studied, to explore the obtention of higher
revenues. For this specific Master’s Thesis, the main assumption is that revenue
can be obtained from the sale of the excess heat to Viborg Varme. However, a classic
exergoeconomic analysis establishes a low contribution for low-temperature flows,
as in the case of the potential heat sources for DHS in this project. Some authors,
such as [BT], classify the different outputs, not only in products and waste, but also
introducing the category of byproducts. These can also be divided into competitive
and non-competitive byproducts [20], whose difference lies in the fact that the
competitive byproducts happen to be the primary product of another production
process, as is the case for heat production in the different facilities Viborg Varme
has. Due to the extensive alternatives that Viborg Varme plans to have by the year
2030 (data obtained from Ramboll as indicated in chapter B), the future e-methanol
plant would enter a highly competitive environment, so in order to be able to sell
their excess heat, they should set a value as low as possible. Not to forget, that
by making sure the excess heat is given away, they benefit from the cooling duty
provided by Viborg Varme. Still, an important investment has to be made for the
installation of pipes, pumps and other equipment to transfer the heat from the e-
methanol plant to the Viborg Energi Hub or another different substation. That is
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why, in this study, it has been assumed that the cost of the utility "DHS" is set to
0,as it does not represent either a revenue or a cost for the e-methanol plant.






Appendix B

LCOE of renewable power plants

The Levelized Cost of Electricity (LCOE) represents the average cost of producing
one megawatt-hour (MWh) of electricity over the entire lifetime of the project. It
includes the initial investment costs, operation and maintenance costs, and the
effect of financing through the discount rate. In this Appendix, the LCOE of the
wind farm, the PV plant, the electrolyzer, and the e-methanol plant are estimated
for the final estimation of the LCOE of the whole Power to X facility.

The calculation was performed using the standard LCOE formulation:

CAPEX - CRF + O&Miyed + O&Myariable

Eannual

LCOE =

where:

e CAPEX = total capital investment

CRF = capital recovery factor

O&Miyeq = fixed annual operation and maintenance cost

O&Myariable = Variable operation and maintenance cost
® Einnual = annual electricity production

The CREF is calculated as:

r(l4+r)"

CRE= G -1

where:
e 1 = rate of return

* n = project lifetime
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A uniform real discount rate of 4% [8] was applied to all technologies following
the default assumption recommended by the Danish Energy Agency for socio-
economic assessments. Although emerging technologies such as electrolyzers and
e-methanol plants may face higher financing costs in real market conditions, the
use of a common discount rate enables a consistent techno-economic comparison
between technologies.

B.1 LCOE calculation for the wind farm

The LCOE was estimated for a wind farm consisting of 17 wind turbines with a
rated capacity of 4 MW each, resulting in a total installed capacity of 68 MW, as
explained in chapter B. The values have been collected from the dataset provided
by the Danish Energy Agency (DEA)[Y].

* Annual Energy Production: The annual electricity generation was calculated
using the average full-load hours provided in the dataset from DEA, which is
3500 hours/year. Thus, the annual energy production is 238000 MWh/year.

e CAPEX: The total investment cost is based on the nominal investment value
of 1.18 million EUR per MW installed, 80.24 M£.

¢ CRF: To annualize the investment cost over the project lifetime, the Capital
Recovery Factor was used. A technical lifetime of 27 years was assumed.
This results in:
CRF ~ 0.0618

The annualized capital cost therefore becomes 4.96 M€/ year.
* Operation and Maintenance Costs

— Fixed O&M Costs: The fixed operation and maintenance costs were cal-
culated using the value provided in the dataset, 17387 € /MW /year. That
is for the entire wind farm 1.18 M€/ year.

— Variable O&M Costs: The variable O&M costs were estimated using 2.06
€/MWh. Thus 0.49 M€/ year.

The total annualized cost of the project is:

4.96 4 1.18 4- 0.49 = 6.63 M€/ year

Finally, the LCOE for the wind farm is obtained as:

238000
LCOE = ——— = 27. h
€O 6.63 x 10° /MW
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B.2

LCOE calculation for the PV plant

The analysis for the LCOE of the PV plant considers an installed AC capacity of 82
MW. The values have been collected from the dataset provided by the DEA [9].

Annual Energy Production: The annual electricity generation was calcu-
lated using the average full-load hours provided in the dataset from DEA,
which is 1712.14 hours/year. Thus, the annual energy production is 140395
MWh/year.

CAPEX: The total investment cost is based on the nominal investment value
of 0.45 million EUR per MW installed, 36.9 ME.

CRF: To annualize the investment cost over the project lifetime, the Capital
Recovery Factor was used. A technical lifetime of 40 years was assumed.

This results in:
CRF ~ 0.0505

The annualized capital cost therefore, becomes 1.86 M€/ year.
Operation and Maintenance Costs

— Fixed O&M Costs: The fixed operation and maintenance costs were cal-
culated using the value provided in the dataset, 10400 € /MW /year. That
is for the entire wind farm 0.85 M€/ year.

— Variable O&M Costs: They were not considered in DEA dataset.

The total annualized cost of the project is:

1.86 + 0.8 = 2.71 M€/year

Finally, the LCOE for the PV plant is obtained as:

B.3

2.71 x 10°
=" """ ~19. h
LCOE 140395 9.3 €/ MW

LCOE calculation for the electrolyzer

From [10], 1425€/kW and for a 20 MW, that is an investment cost of 28.5 M€. The
CREF value for a lifetime of 25 years is:

CRF = 0.064

So, the annualized capital cost, becomes 1.824 M€ /year.
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The electricity cost for the production of green hydrogen has to be accounted
for in this study. The total electricity consumption is 100000 MWh/year. From pre-
vious EnergyPro studies, the PV plant and wind farm contributions are estimated
to 24% and 76%.

OPEXqjectricity = 0-24 x 100000 x 19.3 + 0.76 x 100000 x 27.9 ~ 2.584 M€/ year

The annual operating expenditure for the electrolysis system was determined
as 2% of the specific investment per year. By applying this factor to the annualized
capital cost, a total annualized cost of 4.444 M€ /year was established.

B.4 LCOE calculation for the methanol plant

The annual e-methanol generation was calculated using the information provided
by the Aspen+ model, which is 2698 kg/h. Thus, the annual methanol production
considering a total operating hours of 5000 h is 13490 tonnes/year.

The total capital investment for the methanol production plant was estimated
using a capacity-based financial ratio of 2.87 M€ /MW-methanol from [I0]. Given a
production rate of 2698 kg/h and considering the low heating value of methanol,
the nominal thermal power of the output stream corresponds to approximately
14.91 MW. Consequently, the estimated Fixed Capital Investment for the entire
facility, including reactors, compression stages, and synthesis loops, amounts to
48.79 M£. The CREF value for a lifetime of 25 years is:

CRF = 0.064

So, the annualized capital cost becomes 3.124 M€/ year.

The fixed operation and maintenance costs were calculated using the value
provided in the dataset, 114.6 k€ /MW-methanol/year, that is 1.7 M€/year for the
1491 MW plant. The variable O&M costs were estimated using 4.92 €/MWh-
methanol. Thus 0.37 M€/year. So, the total annualized cost becomes 5.19 M€/ year.

The cost of CO; according to the DEA, is 100€/ton, so for a plant with a usage
of 16464 ton/year of CO;, a total cost of 1.65 M€/ year is expected.

In contrast, the economic analysis performed within Aspen Energy Analyzer
focuses exclusively on the Heat Exchanger Network. The CAPEX reported by
the software represents the incremental investment required for the heat recovery
system, calculated through cost coefficients updated via the CEPCI, as explained
in [Al. That is a Total Annual Cost of 0.229 M€/year for the configuration with a AT
of 2 K.

Finally, the Levelized Cost of Methanol (LCOM) is obtained as:

4.44 x 10° +5.19 x 10° +1.65 x 10° 4-0.23 x 10°

LCOM = 13490 ~ 0.853 €/kg
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This value of the LCOM is in the range with what other authors have published
[15] [29], and it also coincides with these studies in the fact that the levelized cost
of green methanol is 2-2.5 times that of conventional methanol, which is around
0.43-0.52 €/kg.

This value represents the minimum methanol selling price or the break-even
selling price. However, to ensure investment recovery and economic profitability,
a 15% profit margin was considered. Consequently, the e-methanol price was set
at 1 €/kg for the studies in EnergyPro.

The value of the methanol revenue is used in a preliminary study in EnergyPro.
After that study, new values have been considered to calculate the LCOM. The old
and new values are summarized in table Bl

Table B.1: Comparison of old and updated values used in the LCOM calculation

Parameter Old Value Updated Value
Yearly methanol production 13,490 ton/year 23,572.426 ton/year
Electrolyzer operating hours 5,000 h 2,253 h
Methanol reactor operating hours 5,000 h 8,737 h
Electricity demand 100,000 MWh 180,234 MWh
Electrolyzer CAPEX Single 20 MW block Four blocks
Wind farm operating hours 3,500 h 4,206.29 h

PV plant operating hours 3,500 h 1,071.75 h

The updated value for the LCOM is now 0.873 €/kg. This is mainly due to
the increase in the CAPEX for the electrolysis part and the increase in the CO;
consumption. This value is very close to the previously calculated one and still falls
within the range reported in the aforementioned studies. Therefore, the methanol
revenue will still be set to 1 €/kg.
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Appendix D

Pinch analysis and heat exchanger
network validation

To ensure the reliability and consistency of the pinch analysis results, a validation
of the energy integration outputs obtained from AEA was performed. In partic-
ular, the composite curve and the GCC for the so-called “Original System” were
compared against independent calculations carried out using an external heat ex-
changer network transshipment-based model. This analysis is done by using the
information from table Bl As in this table, the information from the heat ex-
changed in the methanol reactor is not present for the reasons already explained,
the validation will not contain the information for this equipment. The purpose of
this comparison was to verify the consistency of the minimum utility requirements
and the pinch location. In figure I, the GCC is shown.
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Figure D.1: GCC for the "Original System” made with the heat exchanger network transshipment-
based model for validation.

If compared with figure B, the pinch temperature is found approximately at
90 °C, while for the pinch temperature obtained with AEA, the value was 89.3 °C.
The pinch point is located in the same range and therefore, the pinch temperature
in AEA can be validated.

Figure D2 shows the composite curve, which shows a total cooling demand of
3.65 MW, which is very close if compared to the value obtained with AEA of 3.69
MW. The heating demand in this model is 1.11 MW and the value offered by AEA
is 1.43 MW. The absolute deviation between both results is 0.32 MW, corresponding
to a relative error of approximately 22.4%. This corresponds to the missing value of
the heat exchanged in the methanol reactor, which has been previously commented
on. Therefore, the heating and cooling demands obtained in AEA can be validated.
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Figure D.2: Composite curve for the “Original System” made with the heat exchanger network
transshipment-based model for validation.

In general, the results showed only minor deviations between both approaches,
which are within acceptable numerical and methodological differences typically
associated with discretization and temperature interval handling in pinch analysis.
This agreement confirms the robustness of the Aspen pinch analysis and supports
the validity of the energy integration results presented in chapter B. For both
analyses, the upper part that corresponds to the heat exchanged in the methanol
reactor is not present, which makes this heat exchanger network transshipment
model a more flexible tool than AEA. The pinch analyses conducted in AEA have
been validated and further analysis varying the plant configuration can be done,
ensuring good consistency in the results.
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