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Short Description

User manual of DanuP2Gas Optimization Tool. It contains explanation of the

tool's functionality and instructions on how to use it.

Version Date Description

V1.0 30.03.2022 User manual for the 1 version of the tool
available for the consortium of the project.

V2.0 31.07.2022 User manual for the 2" version of the tool

(build 101) available for the consortium of the project.

V2.0 17.08.2022 User manual for the 2" updated version of the

(build 105) tool available for the public.

V2.0 12.09.2022 Added part on using the tool, and the part

(build 11) about the underlying theory of the tool is set as
Annexes. Added determination of default
coefficients and prices.

V2.0 16.01.2024 Added scaling of electrical energy production

(build 117) profile of REP in the tool with description here.
Added literature.
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1. INTRODUCTION

The interface to P2G Optimizer is the Excel document “DanuP2Gas Optimization Tool".
This file includes several main sheets: Optimization Tool, Plants and sources, P2G
segments, and Charts. In the Optimization Tool, Plants and sources, and P2G segments
sheets the user is supposed to enter data. Default values are given, but the user can enter
new values in each field which is displayed in white colour. In the Results and, Charts
sheets, results of the optimization are shown. Optimization result is not only the
specification of the obtained P2G plant (given in sheet Results) but also includes time
diagrams of consumed and produced energy and material (given in sheet Charts).

2. OPTIMIZATION TOOL SHEET

Several chapters of information are given in this sheet. In the Investment parameters
are Maximal Investment payoff period as the maximal number of years needed to pay
off the investment (default: 20 years), Administration and building period as the number
of years it takes to build a P2G hub (default: 5 years), Maximal investment is the
maximum of the investment that is given in Euros (default: 1 billion euros). Optimal
results will often include investments in smaller amount than the maximal investment
and shorter period than the maximal payoff period. Regarding investment, there is a
possibility to add subsidy on the investment costs. Parameter Use same subsidy for all
parts of the P2G hub?: in the case yes is selected, Investment subsidy is filled as a
percentage and that value is applied to all processes. In the case No is selected, in the
sheet P2G segments it is possible to apply different value of Investment subsidy for each
particular segment of the P2G hub.

In the Optimization parameters, Starting date of simulation and Last date of
simulation indicate the period in the simulation. No matter how short this period is, OT
will scale Investment specifications presented in the Results sheet on the period of one
year. Maximum time period between Starting date of simulation and Last date of
simulation is 1 year. Sampling time for electrical part determines the OT's discrete-time
step for electrical power calculation. With lower Sampling time for electrical part the
results are more accurate, but the amount of required memory is higher. Sampling time
for other processes is fixed to 24 hours (1 day). According to the entered values, Amount
of memory required (cca) appears which tells the amount of RAM that the OT needs to
run the simulation. With higher amount of the memory required, the longer will the OT
require for finding the optimal solution. Full year simulation with 24-hour sampling time
can last from few minutes up to 30 minutes to find the solution.

In the Additional sales parameters, Price as well as Daily limits for selling of hydrogen,
oxygen, methane and biochar are given, with the corresponding units indicated.
Additional sales refer to products that are sold directly at the P2G site, without using any
grids. Here is also Tax on CO, emissions. All the default values are set to O.
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In the Monthly precipitation section, the precipitation values for each month can be
entered. Default values are set to O as the precipitation data is not obtainable through
the Atlas tool, but it can be easily found online for the desired location. Ifitis left as O, the
OT will consider the water grid as the only water source.

Start Optimization also appears on this page. By clicking on this field, optimization is
started, and Messages in the Optimization output appear. The first message is about
tool initialization and the last one is about the optimization end-results. End-results show
if the tool has found the optimal solution. It also shows all the limits that are reached as
the optimal solution. Reading the limits can be useful to explore the possibilities of the
OT by changing the parameters that cause reaching those limits. For each message,
Date and time of its appearance is also shown. If some of the data is not entered in the
tool or ifitis not entered correctly, error messages will appear in the Optimization output
which will point to the exact cells and sheets where the error occurred. Warning
messages can also appear which will tell if some value is not entered correctly but the
tool will proceed with the calculation replacing that parameter with the one that can be
used.

3. PLANTS AND SOURCES SHEET

In this sheet, data on Renewable energy plant (REP), Industrial Plant (IP), Heat prices,
Grid investment prices, Electricity prices, Gas prices, Water prices, Biomass (BM)
prices, Biochar (BC) prices is provided. It is possible to obtain all of these data from the
Renewable Energy Atlas upon clicking in the Import data from Atlas field and selection
of “json file" generated by the Atlas or to enter data manually in the fields given within
this sheet. Even with the import from the Atlas tool, some data required for the OT might
be missing due to missing values in the Atlas tool database, so this sheet should be
checked before starting the optimization.

Data of the existing REP and IP that can be collocated and connected to the P2G hub is
given through the Renewable energy plant (REP) and Industrial plant (IP) sections. If
the data is entered manually, there are various possible selections under Type of Plant
that can be chosen. Photovoltaic, Wind, Hydro, Biogas, Biomass types as well as Custom
type are enabled in the case of REP. Upon the Type selection, typical production profiles
are generated. Only when the Custom type is selected, it is up to the user to select
appropriate production profile that will be used by the OT. In the case of IP, the following
types are possible: Weekdays, 24/7, Continuous type and Custom type. Weekdays and
24/7 are profiles with generic oscillations of the consumption/production. In the profile
24/7 each day has the same profile, while profile Weekdays makes distinction between
working days and weekends. Continuous type does not include any oscillation within a
day nor difference between days. Apart from selecting the type of the REP and the profile
type selection, annual production (or consumption) of electrical energy, gas and heat is
needed. For electrical energy and gas connections of the REP and/or IP: type of the
connection needs to be selected, and capacity of that connection needs to be given. The
OT checks if the provided connection size is large enough for the combination of the
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selected profile and given energy amount. If it is not large enough, the OT will
automatically enlarge it and display a warning.

Similar to REP, upon Custom type selection for the IP, the user is required to supply the
appropriate consumption profile. Supported file type is comma-separated values (.csv).
The provided CSV file must have 1 column and either 365, 8760, or 35040 rows which
correspond to 24-h, 1-h and 15-min sampling times.

When using REP, Electrical energy production profile is scaled according to [29] for PV,
Wind, and Hydro. Other profiles are scaled only to match the entered Annual electrical
energy production.

It is also possible to choose option None that manually excludes REP and IP which is
indicated with grey colouring of all REP and IP data. If the User has selected collocation
with both REP and IP, connection types of REP and IP must be the same as they are then
considered a unique existing plant. This is needed for both (electricity and gas)
connections. If they are not equal, OT cannot start with optimization and error message

pops-up.

In this sheet, there are also seven chapters about prices: Heat prices, Grid investment
prices, Electricity prices, Gas prices, Water prices, Biomass (BM) prices and Biochar
(BC) prices.

In the Heat prices, Price for produced heat and Price for consumed heat are given. Price
for produced heat is set by default to 0. The tool can run only if the Price for produced
heat is less than or equal to the Price for consumed heat.

In the Grid investment prices electrical, gas and water grids are considered. In the
general case, distances, and unit costs for each of them are to be provided, but in the
case when REP or IP or both are collocated with the P2G, some inputs are set
automatically. For example, when REP is collocated with the P2G, as REP already
contains electrical grid connection, Distance to the nearest electrical grid connection
point will be set to zero and its manual editing will be disabled, which is indicated with
grey colouring. The fields Capacity cost for electrical transmission grid connection and
Capacity cost for electrical distribution grid connection (due to possible increase of each
connection capacity) always exists. The field Calculated unit cost of electrical grid
connection will always be a positive non-zero value. In the case IP is collocated with the
P2G hub, similar considerations are valid, not only for electricity, but for all three
(Electrical, Gas, Water) grid connection investment calculations. This is the case since it
is considered that IP already contains electrical, gas and water grid connections.

In Electricity prices, three possible tariffing periods (day, night, weekend) with all
necessary data are to be given. Also, Monthly peak power price as well as VAT
percentage applicable to electricity business are to be provided. Accordingly, Prices for
buying and selling electricity for each tariffing period are calculated within this
document and shown in grey colour to indicate that these fields are not for entry.
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In Gas prices, as it is common to have different gas prices for colder and warmer part of
the year, information on Start and End of winter period are to be given to the OT. Then,
for each one of the periods (Winter and Summer) gas price components are to be
supplied. In the case there is no difference between summer and winter, the same prices
are to be filled. Finally, prices for buying and selling gas for winter and summer periods
are calculated and shown in grey colour to indicate that these fields are not for entry as
they are calculated based on other supplied data.

In Water prices, price for water supply is to be given.

In Biomass (BM) prices and Biochar (BC) prices, available biomass and biochar sources
are shown. Upon filling of necessary data, Calculated unit cost for each source is
automatically generated within this document. This value is shown in grey colour to
indicate that field is not for entry. Using Consider this source it is possible to exclude each
source from the optimization. Although biomass and biochar data are supposed to be
taken from the Renewable Energy Atlas, it is also possible to manually include any other
source or to correct the values obtained from the Atlas.

4.P2G SEGMENTS SHEET

Under this sheet, coefficients for technical description and valorisation for each P2G
segment or subunit are given. These segments can be either different conversion
processes or storages. They are as follows: Dry anaerobic digester (AD), Wet AD, Dry
biomass to biochar plant (BM2BC), Wet biomass to biochar plant (BM2BC), Combined
heat and power (CHP) or Fuel cell (FC), Carbon capture plant (CC), Gasification + water
gas shift plant (GWGS), Methanation reactor, Gas compressor station, Electrolyser,
Demineraliser, Precipitation collector, Heat exchanger, Dry biomass storage, Wet
biomass storage, Biochar storage, Biogas storage, Hydrogen storage, Oxygen storage,
Methane storage, Syngas storage, Carbon dioxide storage and Water storage.

Initial meaningful values of the parameters for all P2G hub segments are already
provided as default values, but the expert/informed user can change them all and, in this
way, adapt to the targeted equipment considered. Among all other, each process and
storage contain the following parameters: investment subsidy, lifetime, and maximal
size. Lifetime of each process/storage denotes the period after which the component
should be replaced - financially it is reflected in yearly maintenance costs in the OT.
Maximal size of a particular process is its maximum allowed nominal size / rating. With
setting it to O the user prohibits to include certain segment in the optimized P2G hub.

In Dry anaerobic digester (AD) conversion coefficients of biomass to biochar, biomass
to biogas, and biomass to residue are used as parameters. Coefficients for required heat
as well as electricity for the dry AD segment of the P2G plant are also provided. Unit price
for Dry AD as well as Price of residue disposal are also given as changeable parameters.

Wet AD is parametrized analogously to the dry AD subunit.
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In Dry biomass to biochar plant (BM2BC), the specific parameters are coefficient of
biomass to biochar conversion, coefficients for required heat as well as electricity for Dry
BM2BC and also unit price for Dry BM2BC.

Wet biomass to biochar plant (BM2BC) is parametrized analogously to the dry biomass
to biochar plant.

In Combined heat and power (CHP) or Fuel cell (FC) it is enabled for the user to select
between CHP or FC. Upon CHP selection, the user can modify the parameters maximal
percentage of H, in fuel of the CHP, electrical and heating efficiencies as well as CHP unit
price which is based on CHP electrical power. Upon FC selection, the user can modify
water retrieval efficiency of the FC, electrical and heating efficiencies as well as FC unit
price which is based on FC electrical power.

Carbon capture plant (CC) contains parameters required heat and electricity per
amount of captured CO,, and unit price per amount of input CO..

Gasification + water gas shift plant (GWGS) contains Mass efficiency of biochar to
syngas conversion, stoichiometric numbers in gasification, molar fractions in syngas and
Unit price per mass flow of input biochar as well as Price of tar disposal.

In Methanation reactor, Produced heat per amount of output CH4 as well as Required
electricity per amount of output CH4 can be changed by the user. Unit price per molar
flow of output CH. is also changeable.

In Gas compressor station, except from Investment subsidy and Lifetime of the
compressor station, there is also changeable Unit price per electrical power.

In Electrolyser, depending on the used type of the electrolyser, the user can select
Consuming heat and insert the value for Heat required per amount of output H-. In case
of selecting Producing heat, the analogous parameter is Heat produced per amount of
output H.. Except from that, electrical efficiency and unit price per nominal power are
changeable.

In Demineralizer, Required electricity for demineralization and Unit price per molar flow
of input water are changeable.

In Precipitation collector, Unit price per collection area is a changeable parameter
while in Heat exchanger Unit price per nominal power is also changeable.

In each one of the storages, Unit price is left to be changeable.

5. RESULTS SHEET

After the optimization is successfully finished, its results appear in the Results sheet. It is
organized in two parts. The first one on the left side of the page contains all Investment
specifications and the second one on the right side of the page contains Operational
costs for selected period.

Project co-funded by the European Union funds (ERDF, IPA)
www.interreg-danube.eu/danup-2-gas



http://www.interreg-danube.eu/danup-2-gas

“

HHILCTITCY m

Danube Transnational Programme

In the Investment specifications resulting capacities (Size) and Cost for each Process
and Storage are given. For each connection type (electricity, gas and water), Size and
Cost of Connection enlargement is also given. When all total costs (Total for processes,
Total for storages and Total for connections) are summed, Total investment cost is
obtained.

In the Operational costs for selected period, Electrical, Heat, Gas and Water energy net
calculations for the resulting P2G hub operation profile are provided. For all of them,
collocation of P2G with REP and IP has to be considered. That is why electricity Produced
by REP and Electricity Consumed by IP as well as their difference Electrical energy > Net
consumption without investment, are set in the first rows. Electrical energy >Mean peak
power without investment again refers only to the collocated REP and IP. Then, for the
P2G investment Electrical energy > Consumed by P2G is shown. It is possible that the
resulting P2G hub is composed of CHP or FC unit and without an electrolyser or any
larger electrical consumer. In that case P2G is electricity producer which will be shown
with the negative value of Electrical energy > Consumed by P2G. Final values of Electrical
energy > Net consumption with investment and Electrical energy > Mean peak power
with investment are obtained when the whole plant (REP, IP and P2G hub) is considered.
In the Heat part, calculation is done in a similar way, with some differences. One of them
is labelling of both of collocated plants REP, IP as heat production units: Heat > Produced
by REP, Heat > Produced by IP. The second is that net heat is based on production: Heat
> Net production with investment. In a similar way, Gas > Net consumption with
investment is calculated. It could be noted that Gas > Produced by P2G can be both
positive when P2G produces methane or negative when P2G takes methane from the
gas grid or from the REP if it is a methane producer. For water, Water > Water from the
grid consumed by P2G and Water > Collected precipitation consumed by P2G items
exist.

While electricity, heat and gas are considered to be energy carriers, all other used and
produced material are considered to be inputs and outputs. That is why Operational
costs for selected period includes rows for Input materials and rows for Additional sales
and for Residues. Input materials are Dry biomass bought, Wet biomass bought, and
Biochar bought. In Additional sales, the following items are contained: Hydrogen sold
(in bottles), Oxygen sold (in bottles), Methane sold (in bottles), Biochar sold. Residues
contains Residue from dry anaerobic digester, Residue from wet anaerobic digester, Tar
from gasification + water gas shift plant and CO, emitted.

Then, using all above mentioned calculated operational costs, Total operational cost
without investment, Total operational cost with investment as well as their difference
Savings with introduction of P2G can be calculated. The last item (Savings with
introduction of P2G) is used to calculate the Payoff period which is also dependent on:
Total investment, Maximal investment payoff period and Administration and building
period (last two are given in the Optimization tool sheet). If the simulation period (given
in Optimization parameters in the Optimization Tool Sheet) is shorter than one year, OT
will scale all operational costs up to the level of one year. Resulting Payoff period is shown
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under Total Investment on the left side of the page. This data is obtained not only from
the P2G operation savings, but it also takes into account Administration and building
period and cost of equipment degradation.

6. CHARTS

Using Charts sheet, it is possible to see operation of the P2G hub throughout the
complete period of simulation. This sheet includes all power profiles as well as input and
output profiles: Electricity profiles, Heat profiles, Gas (methane) profiles to/from the
grid, Water profile, Input materials profiles, Additional sales profiles, Processes-mass
flow profiles, Processes-molar flow profiles and Storages-mass profiles. Electricity
profiles include the following electrical attributes: Electricity production of REP,
Electricity consumption of IP, Electricity consumption of P2G, Electricity from the grid,
Electricity used by electrolyser and Electricity produced by CHP/FC. Heat profiles
include the following heating attributes: Heat production of REP, Heat production of IP,
Heat consumption of P2G and Excess heat production. Gas (methane) profile to/from
the grid include the following attributes: Biomethane production of REP, Methane
consumption of IP, Biomethane production of P2G and Methane from the grid. Units for
each one of the attributes given within electricity, heat and gas profiles are in [kW].
Water profile contains only Water from the grid which is given in [m3/h]. Input materials
profiles consists of Dry biomass bought, Wet biomass bought, and Biochar bought. All
values are given in [kg/day]. Additional sales profiles includes: Hydrogen sold (in
bottles), Oxygen sold (in bottles), Methane sold (in bottles), Biochar sold (in bottles). All
values are given in [kg/day]. In Processes-mass flow profiles, the following attributes
are obtained: Dry biomass into AD, Wet biomass into AD, Dry biomass into BM2BC, Wet
biomass into BM2BC and Biochar into GWGS. All values are given in [kg/s]. Processes-
molar flow profiles gives: CH. out of methanation and CO, captured by CC. All values
are given in [mol/s]. Storages-mass profiles encompasses all storages. It contains the
following attributes: Mass of dry biomass in storage, Mass of wet biomass in storage,
Mass of biochar in storage, Mass of syngas in storage, Mass of biogas in storage, Mass
of CO:in storage, Mass of O.in storage, Mass of CH,in storage, Mass of H»in storage and
Volume of H>O in storage. All attributes are given in [kg] except of the volume of H,O
which is given in m?,

Image of each of the given profiles can be saved by clicking on Save chart as image and
Save data buttons.

7. HOW TO USE IT

On the web page of the DanuP2Gas project Atlas (web GIS-based tool) together with the
DanuP2Gas Optimization Tool can be found. The optimization tool can be unzipped in
some folder on the user's computer. In the unpacked folder the Excel file described here
can be located. The user's first step is a simple mouse click to select the site of P2G hub.
Then, biomass sources shown on the Atlas are to be selected. Due to the lack of Biochar
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sources, all of them will be automatically selected. The Atlas will give feedback on
possible REP and IP that could be collocated with P2G which means that P2G hub can
use existing electrical and gas connection points. The User has the option to select the
offered REP, IP or not. Afterwards the Atlas will automatically find the rest of needed
connection points. The user’'s next step is to click in the Import data from Atlas located
in the Excel interface file, sheet Plant and sources. User can then change any of
changeable attributes of the Excel interface file, and finally must click on Start
optimization located in the Optimization tool sheet. After that the user waits for OT
computation followed by message release in Optimization output.

8. PARAMETER RECAPITULATION

According to the interface excel file, table with list of all parameters of the OT is given in
this section (Table 1). This alphabetical listing also includes description of the certain
parameter together with its unit.

Table 1. List of all parameters

Parameter Description Unit
Administration and building period years
Amount of water needed in GWGS mol/kg
per mass of BC
Average pressure inside methane bar
storage
Biochar (BC) prices =>Production t/year
capacity
Biochar (BC) prices >Purchase cost €/t
Biochar (BC) prices>Consider this | Selection Yes or No is possible N/A
source?

Biochar source name

Biochar storage> Investment %
subsidy

Biochar storage> Lifetime of the years
storage

Biochar storage> Maximal size of kg
the storage

Biochar storage> Unit price €/kg
Biogas storage> Investment %
subsidy

Biogas storage> Lifetime of the years
storage

Biogas storage> Maximal size of kg
the storage
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Biogas storage> Unit price €/kg
Biomass (BM) prices>Consider this | Selection Yes or No is possible N/A
source?
Biomass (BM) prices>Production t/year
capacity
Biomass (BM) prices>Purchase €/t
cost
Biomass source name N/A
Capacity cost for electrical €/kW
distribution grid connection
Capacity cost for electrical €/kW
transmission grid connection
Capacity cost for gas distribution €/kW
grid connection
Capacity cost for gas transmission €/kW
grid connection
Capacity cost for water grid €/ (m3/h)
connection
Carbon capture plant (CC)> %
Investment subsidy
Carbon capture plant (CC)> years
Lifetime of the plant
Carbon capture plant (CQC)> mol/s
Maximal size of the plant
Carbon dioxide storage> %
Investment subsidy
Carbon dioxide storage> Lifetime years
of the storage
Carbon dioxide storage> Maximal kg
size of the storage
Carbon dioxide storage> Unit price €/kg
Combined heat and power (CHP) | Selection between CHP and FC is N/A
or Fuel cell (FC) possible
Combined heat and power (CHP) %
or Fuel cell (FC) = Electrical
efficiency
Combined heat and power (CHP) %
or Fuel cell (FC) > Heating efficiency
Combined heat and power (CHP) %
or Fuel cell (FC) > Investment
subsidy
Day tariff> Electricity price without €/kWh

grid operator fees, including taxes
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|
Day tariff> Grid operator fees of the €/kWh
distribution  system, including
taxes
Day tariff> Grid operator fees of the €/kWh
transmission system, including
taxes
Demineraliser> Investment %
subsidy
Distance between transport hubs km
THT1 and THT2
Distance between transport hubs km
THW1 and THW2
Dry anaerobic digester (AD)> N/A
Coefficient of biomass to biochar
conversion
Dry anaerobic digester (AD)> N/A
Coefficient of biomass to biogas
conversion
Dry anaerobic digester (AD)> N/A
Coefficient of biomass to residue
conversion
Dry anaerobic digester (AD)> %
Investment subsidy
Dry anaerobic digester (AD)> years
Lifetime of the digestor
Dry anaerobic digester (AD)> kg/s
Maximal size of the digestor
Dry anaerobic digester (AD)> Price €/kg
of residue disposal
Dry anaerobic digester (AD)> k] /kg
Required electricity per mass of
input biomass
Dry anaerobic digester (AD)> k] /kg
Required heat per mass of input
biomass
Dry anaerobic digester (AD)> Unit €/(kg/s)
price per mass flow of input
biomass
Dry biomass storage> Investment %
subsidy
Dry biomass storage> Lifetime of years
the storage
Dry biomass storage> Maximal size kg
of the storage
Dry biomass storage> Unit price €/kg
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Dry biomass to biochar plant N/A
(BM2BC)> Coefficient of biomass to
biochar conversion
Dry biomass to biochar plant %
(BM2BC)> Investment subsidy
Dry biomass to biochar plant years
(BM2BC)> Lifetime of the plant
Dry biomass to biochar plant kg/s
(BM2BC)> Maximal size of the plant
Dry biomass to biochar plant K] /ke
(BM2BC)> Required electricity per
mass of input biomass
Dry biomass to biochar plant K] /ke
(BM2BC)> Required heat per mass
of input biomass
Dry biomass to biochar plant €/(kg/s)
(BM2BC)> Unit price per mass flow
of input biomass
Electricity prices> Use custom | Selection Yes or No is possible N/A
yearly profile of prices instead?
Electricity prices>File File upload in the case Yes is N/A
previously selected
Electrolyser > Electrical efficiency %
Electrolyser> Investment subsidy %
Electrolyser>  Unit price per €/kW
nominal power
End time of day tariff h
End time of weekend tariff h
End time of winter period N/A
Gas compressor station> %
Investment subsidy
Gas compressor station> Unit price €/kW
per electrical power
Gas prices> Use custom yearly | Selection Yes or No is possible N/A
profile of prices instead?
Gas prices>File File upload in the case Yes is N/A
previously selected
Gasification + water gas shift plant %
(GWGS)> Investment subsidy
Gasification + water gas shift plant years
(GWGS)> Lifetime of the plant
Gasification + water gas shift plant kg/s

(GWGS)> Maximal size of the plant

Heat exchanger> Investment
subsidy

%
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Heat exchanger> Unit price per €/kW
nominal power
Heat produced per amount of H, Active upon Producing heat kJ/mol
selection
Heat required per amount of H, Active upon Consuming heat kJ/mol
selection
Hydrogen storage> Investment %
subsidy
Hydrogen storage> Lifetime of the years
storage
Hydrogen storage> Maximal size of kg
the storage
Hydrogen storage> Unit price €/kg
Investment subsidy %
IP> Annual heat production Enabled when REP>Type of plant MWh
Biogas, Biomass or Custom is
selected; Average heat production
IP> Electrical energy consumption | Is enabled in the case Custom is N/A
profile previously selected; Selection
between electrical energy
consumption profiles or Custom is
possible
IP> Electrical energy consumption | File upload in the case Custom is N/A
profile> File previously selected
IP> Heat production profile Selection between various N/A
predefined profiles and Custom is
possible
IP> Heat production profile>File File upload in the case Custom is N/A
previously selected
IP>Annual biomethane (gas) | Average biomethane (gas) MWh
consumption consumption
IP>Annual electrical energy MWh
consumption
IP>Biomethane consumption | Enabled when IP>Type of plant N/A
profile Custom is selected; Selection
between various predefined
profiles and Custom is possible
IP>Biomethane consumption | File upload in the case Custom is N/A
profile >File previously selected
IP>Existing electrical connection MW
capacity
IP>Existing gas connection MW
capacity
IP>Internal gas network pressure bar
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IP>Pressure of the gas network Data is taken directly from the bar
Atlas

IP>Type of existing electrical | Selection between Distribution N/A

connection and Transmission

IP>Type of existing gas connection | Selection between Distribution, N/A
Transmission and Custom

IP>Type of plant IP type selection or Custom N/A

Last date of simulation N/A

Lifetime of CHP/FC years

Lifetime of the compressor station years

Lifetime of the demineraliser years

Lifetime of the electrolyser years

Lifetime of the heat exchanger years

Lifetime of the precipitation years

collector

Limit of daily biochar sale kg/day

Limit of daily hydrogen sale kg/day

Limit of daily methane sale kg/day

Limit of daily oxygen sale kg/day

Mass efficiency of biochar to syngas %

conversion

Maximal area of rainfall collection m?

Maximal investment €

Maximal investment payoff period years

Maximal percentage of H, in fuel of | Active upon CHP selection %

the CHP

Maximal size of CHP/FC kW,

Maximal size of demineraliser mol/s

Maximal size of the electrolyzer kW

Methanation reactor> Investment %

subsidy

Methanation reactor> Lifetime of years

the plant

Methanation reactor> Maximal size mol/s

of the plant

Methane storage> Investment %

subsidy

Methane storage> Lifetime of the years

storage

Methane storage> Maximal size of kg

the storage

Methane storage> Unit price €/kg
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|
Molar fraction of CH. in biogas N/A
Molar fraction of CO; in biogas N/A
Molar fraction of CO, in syngas N/A
Molar fraction of H, in syngas N/A
Monthly peak power price €/kW
Monthly precipitation >April Average precipitation on P2G site mm
Monthly precipitation >August Average precipitation on P2G site mm
Monthly precipitation >December | Average precipitation on P2G site mm
Monthly precipitation >February Average precipitation on P2G site mm
Monthly precipitation >January Average precipitation on P2G site mm
Monthly precipitation >July Average precipitation on P2G site mm
Monthly precipitation >June Average precipitation on P2G site mm
Monthly precipitation >March Average precipitation on P2G site mm
Monthly precipitation >May Average precipitation on P2G site mm
Monthly precipitation >November | Average precipitation on P2G site mm
Monthly precipitation >October Average precipitation on P2G site mm
Monthly precipitation >September | Average precipitation on P2G site mm
Night tariff> Electricity price €/kWh
without grid operator fees,
including taxes
Night tariff> Grid operator fees of €/kWh
the distribution system, including
taxes
Night tariff> Grid operator fees of €/kWh
the transmission system, including
taxes
Oxygen storage> Investment %
subsidy
Oxygen storage> Lifetime of the years
storage
Oxygen storage> Maximal size of kg
the storage
Oxygen storage> Unit price €/kg
Precipitation collector> Investment %
subsidy
Price for consumed heat €/MWh
Price for produced heat €/MWh
Price for selling biochar €/kg
Price for selling hydrogen €/kg
Price for selling methane €/kg
Price for selling oxygen €/kg
Price for water supply, excluding €/m?

sewerage and wastewater
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cleaning cost, including
operators/grid fees and taxes

Price of tar disposal €/kg
Produced heat per amount of kJ/mol
output CHy4
REP> Annual heat production Enabled when REP>Type of plant MWh
Biogas, Biomass or Custom is
selected; Average heat production
REP> Electrical energy production | Selection between electrical N/A
profile energy production profiles or
Custom is possible
REP> Electrical energy production | File upload in the case Custom is N/A
profile> File previously selected
REP> Heat production profile Enabled when REP>Type of plant N/A
Biogas, Biomass or Custom is
selected; Selection between
Continuous and Custom s
possible
REP> Heat production profile>File | File upload in the case Biogas, N/A
Biomass or Custom is previously
selected
REP> Price for produced heat €/MWh
REP>Annual biomethane (gas) | Enabled when REP>Type of plant MWh
production Biogas or Custom is selected;
Average biomethane production
REP>Annual electrical energy MWh
production
REP>Biomethane production | Enabled when REP>Type of plant N/A
profile Biogas or Custom is selected,;
Selection between Continuous
and Custom is possible
REP>Biomethane production | File upload in the case Custom is N/A
profile>File previously selected
REP=>Existing electrical connection MW
capacity
REP>Existing gas connection MW
capacity
REP>Internal gas network pressure | Enabled when REP>Type of plant bar
Biogas or Custom is selected
REP>Pressure of the gas network Data is taken directly from the bar
Atlas
REP>Type of existing electrical | Selection between Distribution N/A
connection and Transmission
REP>Type of existing gas | Enabled when REP>Type of plant N/A

connection

Biogas or Custom is selected;
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Selection between Distribution,
Transmission or Custom

REP>Type of plant REP type selection or Custom N/A
Required electricity for kJ/mol
demineralization

Required electricity per amount of KkJ/mol
captured CO,

Required electricity per amount of kJ/mol
output CHy4

Required electricity per mass of K] /ke
input biochar

Required heat per amount of kJ/mol
captured CO;

Required heat per mass of input K] /ke
biochar

Road distance from the BC source km
to the nearest railroad transport

hub (THTI)

Road distance from the BC source km
to the nearest waterway transport

hub (THW1)

Road distance from the BC source km
to the P2G hub

Road distance from the P2G hub km
and the nearest railroad transport

hub (THT2)

Road distance from the P2G hub km
and the nearest  waterway

transport hub (THW2)

Road distance to P2G hub km
Road transport cost €/(t km)
Road transport cost from the BC €/(t km)
source to the P2G hub

Road transport cost from the P2G €/(t km)
hub to the BC source

Sampling time for electrical part h
Start time of day tariff h
Start time of weekend tariff h
Start time of winter period h
Starting date of simulation N/A
Stoichiometric number of H,O in N/A
gasification

Stoichiometric number of O, in N/A

gasification
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Summer  period>  Distribution €/kWh
system fee for consumption,
including taxes
Summer  period>  Distribution €/kWh
system fee for injection, including
taxes
Summer period> Gas price without €/kWh
grid/operator fees, including taxes
Summer period> Gas supply fee, €/kWh
including taxes
Summer period> Transmission €/(kWh
system fee for consumption, /day)
including taxes
Summer period> Transmission €/(kWh
system fee for injection, including /day)
taxes
Syngas storage> Investment %
subsidy
Syngas storage> Lifetime of the years
storage
Syngas storage> Maximal size of kg
the storage
Syngas storage> Unit price €/kg
Tax on CO2 emissions €/kg
Total energy production from | Active upon CHP selection MJ/kg
biogas
Total energy production from MJ/kg
hydrogen
Total energy production from | Active upon CHP selection MJ/kg
methane
Type Biomass type selection according N/A
to the percentage of wet content
Type of electrolyser Selection between Producing N/A
heat and Consuming heat s
possible
Unit cost for electrical distribution €/(kW km)
grid connection
Unit cost for electrical transmission €/(kW km)
grid connection
Unit cost for gas distribution grid €/(kW km)
connection
Unit cost for gas transmission grid €/(kW km)
connection
Unit cost for water grid connection €/ ((m3/h)
km)
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Unit price per amount of input CO; €/(mol/s)
Unit price per collection area €/m3
Unit price per electrical power €/kW,
Unit price per mass flow input €/(kg/s)
biochar

Unit price per molar flow of input €/(mol/s)
water

Unit price per molar flow of output €/(mol/s)
CH.

Unit transport cost of the THTI €/(t km)
(THT1to THT2)

Unit transport cost of the THT2 €/(t km)
(THT1to THT2)

Unit transport cost of the THWI €/(t km)
(THW1 to THW2)

Unit transport cost of the THW?2 €/(t km)
(THW1 to THW2)

Use same subsidy for all parts of the N/A
P2G hub?

VAT percentage applicable to %
electricity business

VAT percentage applicable to gas %
business

Water retrieval efficiency of the FC | Active upon FC selection N/A
Water storage> Investment %
subsidy

Water storage> Lifetime of the years
storage

Water storage> Maximal size of the m3
storage

Water storage> Unit price €/m3
Wet anaerobic digester (AD)> N/A
Coefficient of biomass to biochar

conversion

Wet anaerobic digester (AD)> N/A
Coefficient of biomass to biogas

conversion

Wet anaerobic digester (AD)> N/A

Coefficient of biomass to residue
conversion
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Wet anaerobic digester (AD)> %
Investment subsidy
Wet anaerobic digester (AD)> years
Lifetime of the digestor
Wet anaerobic digester (AD)> kg/s
Maximal size of the digestor
Wet anaerobic digester (AD)> Price €/kg
of residue disposal
Wet anaerobic digester (AD)> k] /ke

Required electricity per mass of
input biomass

Wet anaerobic digester (AD)> K] /ke
Required heat per mass of input

biomass

Wet anaerobic digester (AD)> Unit €/(kg/s)
price per mass flow of input

biomass

Wet biomass storage> Investment %
subsidy

Wet biomass storage> Lifetime of years
the storage

Wet biomass storage> Maximal kg
size of the storage

Wet biomass storage> Unit price €/kg
Wet biomass to biochar plant N/A

(BM2BC)> Coefficient of biomass to
biochar conversion

Wet biomass to biochar plant %
(BM2BC)> Investment subsidy

Wet biomass to biochar plant years
(BM2BC)> Lifetime of the plant

Wet biomass to biochar plant kg/s
(BM2BC)> Maximal size of the plant

Wet biomass to biochar plant k] /kg

(BM2BC)> Required electricity per
mass of input biomass

Wet biomass to biochar plant k] /kg
(BM2BC)> Required heat per mass
of input biomass

Wet biomass to biochar plant €/ (kg/s)
(BM2BC)> Unit price per mass flow
of input biomass

Winter period> Distribution system €/kWh
fee for consumption, including
taxes
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I
Winter period> Distribution system €/kWh
fee for injection, including taxes
Winter period> Gas price without €/kWh
grid/operator fees, including taxes
Winter period> Gas supply fee, €/kWh
including taxes
Winter period>  Transmission €/(kWh
system fee for consumption, /day)
including taxes
Winter period> Transmission €/(kWh
system fee for injection, including /day)
taxes

N/A - Not applicable
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ANNEXES

1. MATHEMATICAL BACKGROUND
1.1 POWER TO GAS OVERALL CONCEPT

To include versatile ways for P2G realization, the P2G concept will include not only
“Biochar P2G" (Annex 2.) but also “Biogas P2G". “Biogas P2G" is based on biogas power
plant with addition of biogas upgrade to biomethane. Except from that, P2G concept
contains biochar production by a Biomass2Biochar as well as production of hydrogen.
The P2G system enables connection to industrial plants (IPs) as well as to the renewable
power plants (REPs). Each industrial facility that has significant amount of methane
consumption could be regarded as IP. Each wind, photovoltaic, hydro and biomass
power plant of a certain level of electricity/gas production could be regarded as REP. The
complete scheme of the P2G concept is given in Figure 1.

Figure 1: Overall concept of the Power to Gas Plant
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Without biochar part (Gasification + WGS, O, storage) the concept is reduced to “Biogas
P2G". For its heat and electricity production (CHP/FC), not only biogas but also a mixture
of biogas and hydrogen is possible to use as feedstock. Exhaust CO; from the CHP can
be captured and stored in the CO, storage. Instead of CHP, to produce heat and
electricity, it is possible to use fuel cells (FC). In that case the only feedstock is hydrogen

Project co-funded by the European Union funds (ERDF, IPA)
www.interreg-danube.eu/danup-2-gas



http://www.interreg-danube.eu/danup-2-gas

“

HHILCTITCY m

Danube Transnational Programme

and as the water is coproduct in FC operation it can be saved and used for other
processes.

Similarly, without biogas part (AD, CHP/ FC, Carbon Capture, CO, storage) the concept
is reduced to “Biochar P2G". If everything except from Biomass2Biochar is removed, the
concept is reduced to Biomass to Biochar plant that will only do the production of the
biochar. The concept could be also reduced only to the hydrogen production plant. If all
components given in Figure 1 are incorporated, simultaneous operation of “Biogas P2G”
and “Biochar P2G" as well as biochar and hydrogen production is also allowed by this
concept. According to the given processes, their electrical and heat production and
consumption are also depicted. Electricity is shown in blue, heat in red and mass and
gas paths in green colour.

1.2MODELLING OF POWER TO GAS PROCESSES

1.2.1 MODELLING OF BIOMASS STORAGES DYNAMICS

It is assumed that biomass can be stored at the site of the P2G plant. Two types of
biomass feedstock, dry and wet biomass, are considered. Dynamics of the biomass is
given as follows:

mBM,dry,store = mBM,dry,in - 7'hBM,dry,AD - mBM.dry,ZBC (A-l'-la)
7'hBM,welf,store = mBM,wet,in - mBM,wet,AD - mBM.wet,ZBC (A-l'-l b)

where the annotation is:

MpM,ary,store = Mass of dry biomass stored at the site [kg]

Mpm,ary,mn = dry biomass delivered to the site [kg/s]

Mpm,ary,ap = dry biomass consumed by AD [kg/s]

Mpm,ary,26c = dry biomass consumed by BM2BC plant [kg/s]

Mpy wet,store = Mass of wet biomass stored at the site [kg]

Mgy wet,in = Wet biomass delivered to the site [kg/s]

Mgy wetap = Wet biomass consumed by AD [kg/s]

Mgy wet2c = Wet biomass consumed by BM2BC plant [kg/s]

Optimization tool will manipulate with the following variables:
MpM,dry,in » MBM,dry,aD » TBM,dry2Bc) TUBM,wet,in » MM wet,aD » MeMwetzec » Within the following
conditions:

Mpum,dary,store = 05 Mppary,in = 05 Mpp ary,ap = 05 Mpy ary2pc =0

MpM wet,store =0; MpM wet,in =0; MpMm wet,AD =0; MpM,wet2BC =0
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Maximal values of both dry and wet biomass storages are to be found throughout the
complete time horizon. Therefore, two more conditions are to be added:

mBM.dry,store < MBM,dry,store

Mpmwet,store < Mpm wet,store

where Mgy ary store aNA Mpy wetstore are the capacities in [kg] of dry and wet biomass
storages.

Also, maximal values for AD and BM2BC process capacities are to be determined:
mBM,dry,AD < MBM,dry,AD

mBM,Wet,AD < MBM,wet,AD

mBM,dryZBC =< MBM,dryZBC

Mpmwetzc < Mpm,wet,2Bc

where MBM_dry_AD and MBM'Wet,AD are nominal mass flows in [kg/s] at the input of dry and
wet ADs, while MBM,dryZBC and Mgy wet 25c are nominal mass flows in [kg/s] at the input of
dry and wet BM2BC plants.

1.2.2 MODELLING OF BIOCHAR STORAGE AND SYNGAS PRODUCTION
AND STORAGE DYNAMICS

It is assumed that biochar can be stored at the site of the P2G plant. According to Figure
1, dynamic of the biochar is:

mBC,store = mBC,in - mBC,out + adry mBM,dry,AD + Ayet mBM,wet,AD + .Bdry mBM,dry,ZBC +
+ Bwet Mpmwet.2Bc — MaC,cwes (A12)

where:

Mpcstore = MaAss of biochar stored at the site [kg]

Mpgcin = biochar delivered to the site [kg/s]

Mpc our = biochar taken from the site [kg/s]

agry = coef ficient of biomass to biochar conversion during dry AD [—]
ayer = coefficient of biomass to biochar conversion during wet [—]

Bary = coefficient of biomass to biochar conversion during dry BM2BC [—]
Bwet = coef ficient of biomass to biochar conversion during wet BM2BC [—]

Mpcewes = biochar mass consumption rate during the gasification process [kg/s]
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Optimization tool will manipulate with the following variables: mgc i , Mpc out » Mac ewas
Manipulation will be limited to the following conditions:
Mpc store = 05 Mpc,in = 05 Mpcout 2 05 Mpcowes = 0

Also, throughout the complete time horizon maximal biochar storage value is to be
found as well as maximal capacity of Gasification + WGS (GWGS) process:

Mpc store < Mpc store

Mpcowaes < Mpcewas

where Mg¢ rore IS the capacity in [kg] of the biochar storage, and Mg¢ gwes is the nominal
mass flow in [kg/s] at the input of the GWGS process.

Result of the Gasification + WGS process is syngas:
mSG,GWGS = NBc->s6 mBC,GWGS (A13a)
which is given in molar notation as:

) oy .
Nsg,cwes = MBc->s6¢ MBc,cwas (A1.3b)

Mass efficiency ngc_ss¢ Of biochar to syngas conversion used to calculate molar
efficiency is calculated as:

’ — _"Bc->s6
NBC->S6 = Moo [kg/mol] (A1.4)

where molar mass of syngas Mss as well as syngas mole fraction of H, (g/') and CO- (g2)
after WGS are obtained according to elaboration given in 3.1.3.

In the gasification process, a certain amount of tar is produced:

Mrarewes = Krar Mpcowes (AL5)

Parameter kg, 4z that determines amount of tar should be limited with the following
constraint:

krar + NMpc->s¢ =1
Tar is considered to be waste that needs to be managed.

After syngas is produced in GWGS it is stored in the syngas storage before it is used in
the methanation reactor. Syngas storage dynamics is:

NsG,store = MNs6,6wes — NsG,meth (Al6)
where:
NG store = SYNgas in its storage [mol]

Nisg.ewes = syngas produced in GWGS [mol/s]
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Nsgmeth = Syngas released to the methanation reactor [mol/s]
Its composition is the same as the composition of syngas produced in GWGS:
Nhz,s¢ = 91 sGmeth (Al.7a)
Ncoz,s6 = 92 Nsgmeth (A17b)
where:
Ny s¢ = Hy from syngas to methanation [mol/s]
Nicoz,s¢ = CO, from syngas to methanation [mol/s]

The optimization tool manipulates with 7g; mern. The manipulation is constrained with
the following conditions:

N store = 05 Nsgmetn = 0

Also, throughout the complete time horizon maximal syngas storage value is to be
found:

nSG,store < NSG,store

where Ng; otore IS the capacity in [mol] of the syngas storage.

1.2.3 MODELLING OF BIOGAS STORAGE DYNAMICS AND CHP/FC UNIT

Biogas storage is used to possibly offset biogas production and consumption. Biogas is
produced in AD processes while its consumption occurs in CHP/FC and Methanation
processes:

MpG store = Yary Mem,ary,ap + Ywet Mamwet,ap — MBG,cHP/Fc — MBG,meth (A1.8)
where:
Mpg store = MaAss of biogas in storage [kg]
Mpg,cup/rc = mass of biogas consumed by CHP/FC [kg/s]
Mpgmetnh = mMass of biogas for the methanation reactor [kg/s]
Yary = conversion coeficient of dry biomass mass to biogas amount during AD
Ywet = conversion coeficient of wet biomass mass to biogas amount during AD

Similar to the analysis given for syngas, dynamics of the biogas going into methanation
reactor could be noted:

NcHABG = SM mls'—;';e”l [mol/s] (A1.9a)
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Nco2,86 = SEWS'—T [mol/s] (A1.9b)

where:

sy = molar fraction of CH, in biogas

s¢ = molar fraction of CO, in biogas

Mp; = molar mass of biogas (60% CH,,40% CO, ) = 0.027[kg/mol]

To make a switch in equations from molar to mass equalities, and vice versa, molar
fractions, as well as mass fractions, of CHs and CO, in biogas are needed. Molar fractions
are defined, and mass fractions are:

Mcy,
Sy = Sy Mo mass fraction of CH, in biogas
BG

5. = Mco,
c = Sc
Mpg

= mass fraction of CO, in biogas

According to Fig. 1, CHP/FC can be supplied from three sources: methane, biogas and
hydrogen. Total gas power of the CHP/FC is:

Peotarcrp/rc = kcuaMcnacup/rc + kKpe™Mae cnp/rc + KuaMuz,cup/re - (A110)
where:
Mcya,cup/rc = methane delivered to CHP/FC from the methane storage [kg/s]
Mpg,cup/rc = biogas delivered to CHP/FC [kg/s]
My, cup/rc= hydrogen delivered to CHP/FC [kg/s]

and k¢y, = 50000 [kWs/kg ], ky, = 120000 [kWs/kg] are heating values of gases. Heating
value of biogas is expressed as a function of methane heating value:

, M
kgc = smukcha = Su ﬁ kcra (A11)

OT will give the User possibility to choose between CHP and FC (Fuel Cells stack) options.
Accordingly, an auxiliary logical variable “X” will be created. In the case CHP is selected it
will take the value “0” and when the User has selected FC, it will take the value “1".
Production of electricity and heat from the CHP unit is then obtained:

Percp = Net,cup(1 = X) Prota,cup/rc (Al.12a)

Prcrp = NMncap(1 = X) Protarcup/rc (A1.12b)

where n, cyp and n, cyp are electrical and heating efficiencies of the CHP process
whose values are restricted with the following condition:

Net,cp + Mncup < 1.
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Since there is an option for the User to choose between the CHP and FC, operation of FC
is also defined. Its electricity and heat production are:

Perrc = Nevrc X Protal,cup/rc (A1.13a)

Pynrc = Nnrc X Protaicup/rc (A1.13b)

where ng rc and np, pc are electrical and heating efficiencies of the FC which are
restricted with the following condition:

Net.rc + Mnre < 1.
According to the stoichiometry of the CHP process, the amount of the produced CO; is:

M Mco2

mCOZ,CHP/FC = MBGZ mBG,CHP/FC + Mena mCH4,CHP/FC (A114)
During the FC chemical reaction, liquid water production can be noted as:
My20,cup/FCc = NFC,H20 AZ,,LHZZO My, cHP/FC (A1.15)
where:

NrcH20 =
share of water (produced during FC operation), gained in liquid phase for return into

the water storage tank

Regarding biogas, the optimization tool will manipulate with g mern and with

MpgG,cHP/FC"

Manipulation will be limited to the following conditions:

Mpg store = 05 Mpgmetn = 05 Mpg cup/rc = 0

The optimization tool will also manipulate with iy, cyp/rc - The first manipulation limit
will be the following condition: 7y, cyp/rc = 0 -

With the following set of equations, that use the auxiliary variable “x", usage of My, cyp/rc
in CHP option is limited and usage of ¢y cyp/rc aNd Mpg cup/rc IN FC option is disabled:

0 < 1iyy cnpyre < (X + ayz) (Menacup/re + M6 cup/rc + Muzcrp/rc) (Al16a)
0 < Mg cup/rc < (1 — X) Mpg cupyrc (Al.16b)
0 < Mcpacup/re < (1 — X) Meyachp/rc (Al.16C)

Inequations (Al.16) are rearranged to obtain a formm more suitable to OT:
[1— (x + a2z chpyre — (X + ap2)Mpe cupyrec — (¢ + Qy2) Mepacapre <0 (AL173)

xmBG,CHp/FC < 0 (A-|-|7b)
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S
XMcpgcup/rc < 0 (A1.17¢)
My, cup/rc 2 0 (A1.17d)
Mpg,cup/rc 2 0 (A1.17e)
Meya,cap/rec 2 0 (A1.17f)

where:
ay, =allowed weight ratio of hydrogen in the gas mixture

Residues of the AD processes are also considered. Accordingly, the following
constraints must hold due to the mass conservation principle:

adry + Vdry + Vdry,res <1 (A-| .188)
Awet t VYwet T Ywet,res <1 (A-|.-|8b)

and these constraints are checked when parameters are entered by the user in the
user interface of the optimisation tool.

where:
Yaryres = coeficient of biomass mass residue in dry AD

Ywetres = coeficient of biomass mass residue in wet AD

1.2.4 MODELLING OF CO, STORAGE DYNAMICS

According to Fig. 1, dynamic of CO, storage is analysed:

7:lCOZ,stfore = flCOZ,store,in - 7;LCOZ,slfore,out (A].-|9)
where:
Ncoz,store = Molar amount of CO2 in storage [mol]
Ncoz,store,in = Molar rate of captured CO2 [mol/s]
Ncozstore,out = Molar rate of CO2 for the methanation reactor [mol/s]

Carbon dioxide is produced during CHP operation, then it can be captured and stored,
and thereafter released in the methanation reactor. Stoichiometry of the methane
burning in the CHP tells that one mole of burned methane produces one mole of carbon
dioxide. By following (Al.14), the molar rate of carbon dioxide generation via burning in
the CHP/FC unit is:

1 1 1

Ncozburned = 3——Mco2,cHP/FC = 3 —Mp6,cup/Fc +

mCH4,CHP/FC (A120)

CH4
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P2G will not be forced to collect the total amount of burned carbon dioxide. Therefore, a
variable n¢oz store,in 1S iNtroduced. OT can manipulate this variable within the following
limits:

0< 7;lCOZ,store,in < ﬁCOZ,burned-

Also, throughout the complete time horizon consisting of N discrete-time steps Kk,
maximal value of 1icp; store,in IS to be found: No¢ = max (hcoz’smre,in(k)),where ke{0,1,..,N —
1} - it determines the sizing/capacity of the carbon capture unit.

Manipulation of 7oz storeout 1S POSSIDle indirectly , but due to simplicity 7icoz store,out 1S
made to be a function of other optimisation variables and is not used as an optimisation
variable in the OT directly — it concerns attaining of the required supply ratio between
CO; and H; in the methanation reactor. This variable must be kept positive:

flCOZ,store,out = 0
Manipulation with carbon dioxide in the storage is limited with:

Ncoz,store = 0

Also, throughout the complete time horizon, maximal value of n¢g, store IS to be found:
NCOZ = max (nCOZ,store(k))'Vk € {0, 1, ,N - 1},
since it determines the needed capacity of the CO2 storage in the P2G hub.

1.2.5 THE METHANATION REACTOR AND BALANCE OF METHANATION
GASES

To achieve ideal methane production, stoichiometric ratio of the delivered CO; and Hs in
the methanation reactor should be equal to 1:4. As it is shown in Figure 2, there are many
ways of CO, and H, supply to the methanation reactor. The overall gas balance and
methane production equation is:

Ncoz,storeout T Ncozee + Mcoz,s6 = KstochMH2,meth = NcHameth (A1.21)
where:

1
Kstocn = Stochiometric number of methantion reaction = 1

Nicoz,c = molar rate of carbon dioxide directly from the biogas injected
in the methanation process, according to (A1.9b) [mol/s]
N2 meth = molar rate of hydrogen injected in the methanation process [mol/s]

NcHametn = molar rate of methane produced in the methanation process [mol/s]
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Further on, ny, mern is defined as sum of molar rate of hydrogen from the hydrogen
storage to the methanation process and molar rate of hydrogen contained in syngas
that is delivered with syngas from the syngas storage to the methanation process:

Ny2 meth = NH2,storemeth T NH2,56 (A1~22)

Optimization variables for the OT regarding biogas and syngas dosage into the
methanation process are already introduced before —they are g meen, aNd Tigg mecnand
according to them 1i¢p, g, Nicoz,s6 @aNd Ny, 56 are determined. The additional
optimization variable to fully determine the methanation process input is 1y; store meth-

Thus:

Nco2,store,out = Kstoch (nHZ,store,meth + Ny2 s ) — Nco2,86 — Ncoz2,56 =
sc
) .
kstochnHZ,store,meth + Kstocn91 NsGmetn — Mpo

!

(kstocng1 — 92)TsG,meth — MS_;GmBG,meth (A1.23)

. ;. _ .
MpG meth — 92 Nscmeth = KstochMuz,store,meth +

As assessed in the previous section related to CO2 storage dynamics, it must hold also
that ficon storeour = 0 @and also that nepy seore = 0 Which indirectly requires to establish the
carbon capture unit whenever it happens that n¢o store,out > 0.

The produced methane in the methanation reactor is also tied with the introduced
optimization variables due to (Al1.21):

. _ . _ . . _ . IR
nCH4,meth - kstochnHZ,meth - kstoch(nHZ,store,meth + nHZ,SG ) - kstochnHZ,store,meth + kstochgl nSG,meth
(A1.24)

Methane input ncys g from biogas directly in the methanation reactor is already
defined by (A1.9a) and it is assumed to be just forwarded through the methanation
reactor, though it is considered that it also consumes a part of the methanation reactor
capacity. The sizing/capacity of the methanation reactor is thus determined with:

Nietnm = Max(Ncya metn + nCH4-,BG)
Sm

_ . ;. .
= max (kstochnHZ,store,meth + kstochgl nSG,meth + M mBG,meth)
BG

1.2.6 MODELLING OF H.O STORAGE DYNAMICS

Dynamics of the P2G hub water storage is:

MH20,CHP/FC

Np20,store = NH20,grid + + Ny20.rain — NH20,feed (A1-25)

Mpy20
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where:
Myz0,cup/rc = mass rate of FC water production according to (A1.15)[kg/s]
Nyz0,store = amount of water in the water storage (demineralized water)[mol]

Nuz0,gria = molar rate of water supplied from the water distribution system which

mol

is additionally demineralized [T] = Hz097id PHzo

=k .
3600 Mpyo0 HZOQHZO,grLd

3
m
Qu20,gria = volume flow of the water coming from the grid [T]

k ~ 15 mol h
H20 = [m3 S

Nyoorain — Molar rate of rainwater that is fetched at the P2G hub site [mol/s]

leZO,feed
— molar rate of water needed for electrolysis and gasification (demineralized water) [mol/s]

The molar rate of water needed for electrolysis and gasification is:
leZO,feed = ﬁHZO,store,in + ﬁHZO,GWGS- (A1-26)

where:

mol
Niyo0,store,in — Molar rate of water needed for electrolysis [T]

mol
N0 ewes — molar rate of water needed for GWGS reaction [—]
' s

Water needed for electrolysis 1y, store,in 1S Used as optimization variable restricted with
the following:

Ny20,store,in =0

Throughout the complete time horizon, maximal value of 1,0 store,in IS to be found for
determination of sizing/capacity for the electrolyser:

NHZO,store,in = max (ﬂHZO,store,in(k)):Where ke{0,1,..,N -1}
Needed water supply for gasification and afterwards for WGS can be calculated:

Nu20,6wes = Kuzo.6wes Mseewes (A1.27a)
where:
kyz06wes — koefficent of water needed for GWGS [—]

Expression (Al.27a) can be bonded to the manipulation variable:

Project co-funded by the European Union funds (ERDF, IPA)
www.interreg-danube.eu/danup-2-gas

35


http://www.interreg-danube.eu/danup-2-gas

“

rrrrrrrrrrrrrrr

Danube Transnational Programme

. _ i 3
NH20,6wes = Kn20,6wes Npc->s¢ MBc,ewas- (A1.27b)

Now, using (Al.26) and (Al.27b), the final expression for the needed amount of
demineralized water is obtained:

. . , .
Ny20,feed = NH20,store,in T ku20,6wes Nec->s¢ Mac,ewaes (A1.28a)

or:

Ny20,feed = NH20,store,in T ksupp,GWGS Mpc,cwaes (A1.28b)

where kg cwesiS introduced:

ksuppewes = kn20,6wes Mec->sc
Quantity of precipitation used at the P2G site is:

Ny20,rain = AdrainKrain (A1.29)
Agrain = drainage area [m?] is manipulated variable ;

k,qin = average precipitation quantity per unit area and time [mol/(m? s)] = ; ’:22‘:) Ry gin

where h, 4, is the profile of the rainfall at the site extracted from a single value of monthly
rainfall in units [mm/month] converted to [m/s].

Catchment of rainwater is determined by manipulation with drainage area Agrin. It is also
possible to manipulate with 7,0 4-¢. Manipulations are restricted to the following
conditions:

Ny20,store = 0; Ny20,grid =0

0 < Adrain < Adrain,max

where Agrqainmax (Maximal drainage area at the site of the P2G hub) is provided by the OT
User.

Throughout the complete time horizon, maximal value of ny, store Is found to assess the
needed size of the water storage:

Ny20.store = Max (nHZO,store (k)) ,wherek € {0,1,...,N — 1},
The needed size of the connection point to the water distribution grid is determined as
Ny20 grig = max (T'leorgn-d (k)) ,wherek € {0,1,...,N — 1}.

Before water from the public distribution grid 7,0 griq €nters the P2G (according to the
Fig.1), it is demineralized. For sizing of the demineralization unit, again NHZO,gn-d is used.
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1.2.7 MODELLING OF ELECTROLYZER AND H. STORAGE DYNAMICS

According to Figure 1, input to hydrogen storage is hydrogen produced by electrolyser:

. __ TNelelectrolyzer Pel,electrolyzer
nHZ,store,in - < (A1~3O)
S

where:
Pejelectrotyzer = electrical power needed for Ny, store,in PToduction[kKW]

& = specific energy needed for splitting of one mole of water into hydrogen and oxygen = 260
kWs/mol

Nelelectrolyzer = effiCienCy Of eleCtTOIyzer

There are three hydrogen outputs: the first one is hydrogen for the CHP/FC, the second
is hydrogen that goes to methanation reactor and the third is hydrogen that could
possibly go to a hydrogen consumer such as hydrogen fuelling station. Accordingly,
hydrogen storage dynamic is:

leZ,store = ﬁHZ,store,in - leZ,CHP/FC - ﬁHZ,store,meth - 7:LHZ,store,out (A.I -31)
where:
Npastore = amount of hydrogen in hydrogen storage [mol]
N2 store,in = hydrogen into hydrogen storage [mol/s]
Mo storemeth = hydrogen from hydrogen storage to methanation reactor [mol/s]
N2 store,out = Kydrogen from hydrogen storage to another purpose [mol/s]

Manipulation with 7y, cyp/rc is already described in 1.2.3. Besides that, OT manipulates
with the following variables: niy; seore,ins MH2,store;meth 3NA M2 store out-

The manipulation is limited with the following constraints:

nHZ,store = 0 ;nHZ,store,meth = 0; nHZ,store,out = 0

Also, throughout the complete time horizon, maximal value of ny; ore Is to be found for
determination of sizing/capacity for the hydrogen storage:

NHZ,S[’OT@ = max (nHZ'Store (k)) , where k € {0, 1, ey N — 1}

1.2.8 MODELLING OF O. STORAGE DYNAMICS

Dynamics of the oxygen storage is:

No2store = No2,store,in — No2,store,GWGS — No2,store,out — nOZ,store,letoff (A1~32)
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where:
Noastore = amount of oxygen in the oxygen storage
Tloastorein = 0Xygen injected to the oxygen storage from the electrolyzer [mol/s]
Tloastorecwes = 0xygen from the oxygen storage to gasification [mol/s]
No2.storeout = 0Xygen from the oxygen storage to external purpose (for selling) [mol/s]
Moz storeletoff = 0Xygen fromthe oxygen storage released to the atmosphere [mol/s]
According to Chapter 2.4.2 where electrolyser is elaborated, 1y store,in IS:
No2,store,in = V1MH2,store,in (A1.33)
where:

1 1
v = stoichiometric number of oxygen in electrolysis {HZO - H, + 502} reaction: = >

The amount of oxygen needed for gasification is determined by the gasification
dynamics given with:

032 store,awes = V2 MBc—>sa TBC,6wEs (A1.34)
where:
v, = stoichiometric number of oxygen in gasification, and
Npc—>s¢ 1S provided in (Al.4).

The oxygen from the storage can be also released to the atmosphere ( gz store ietoff ) OF
can be used for selling in healthcare, industry etc. ( 1oz store,out )-

Due to the fact that variables given in (Al33) and (Al.34) are already used, the
optimization tool can here additionally manipulate wWith 19, store,out @Nd Mgz store,ietofs - TE
manipulation is constrained by the following conditions:

No2 store = 0; nOZ,store,out = 0; nOZ,store,letoff =0

Also, throughout the complete time horizon, maximal value of ng, sore is to be found
which corresponds to the oxygen storage capacity:

No2 store = Max (noz’swre (k)) ,wherek € {0,1,...,N — 1}.

1.2.9 MODELLING OF CH, STORAGE DYNAMICS

Dynamics of the methane storage comprises of the transfer to/from the gas connection
point (positive sign means the export of gas, negative the import of gas), gas inputs
obtained from the methanation reactor, and gas outputs: the first for transport selling
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purpose, the second for transfer to the gas connection point and the third for gas
(methane) line from the methane storage to the CHP/FC:

Nchastore = NcHameth T NcHa,BG — NcHa,out — Ngas,P26,conn — NCHa,CHP/FC (A1.35)

where:
Ngas,p26,conn = Pgas,p26Kiwzmot (A1.36)

Ngas,p26,conn = 9as transfer between CH, storage and gas connection point [mol/s]
Pgas,PZG = gas flgas,PZG,conn transfer given in [kW]
Kixw2mor = conversion from kW to mol = 1/805 [(mol/s) / kW]
Nchastore = amount of methane in the methane storage tank [mol]
Nicgametn = gas produced in the methanation reactor (A1.24) [mol/s]
Nicyape = gas already contained within biogas (A1.9a) [mol/s]
Nicyaour = gas thatis sold in a transportable container [mol/s]

Ncnachp/rc = gas released from CH4 storage to the CHP /FC [mol/s]

In the OT, in addition to the already introduced optimization variables, it is possible to do
manipulation with additionally with variables: ficyg oue aNd Pygs p2c. Variable Pyqg pag is also
used in assessment of compression in 1.3.5.

Gas bidirectional flow from the storage to the gas connection point and vice versa is also
enabled. Accordingly, OT will have the following limitations:

Negastore = 05 Nepaout = 05 Nenacup/pe =0

Also, throughout the complete time horizon, maximal value of n¢yy seore IS determined, as
the needed capacity of the CH4 storage tank:

NCH4,store = max(nCH4,store (k)) ,Vk.

1.2.10 BALANCE OF THERMAL ENERGY (HEAT)

Heat system of the complete P2G system (REP and IP included) comprises of heat
consumed and produced by the P2G hub, as well as by the REP and the IP connected to
the hub. The complete P2G system net consumption (REP and IP included) is:

Prnetcons = Pnp2¢ — Prrep — Prip (A1.37)
where
Pp p2¢ = heat power consumed(+)/produced(—) by the P2G hub [kW]

Pp rep = heat power produced(+)/consumed(—) by the REP connected to the P2G hub [kW]
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Py 1p = heat power produced(+)/consumed(—) by the IP connected to the P2G hub [kW]
Heat produced by the P2G hub can be noted as:

Php26 = Pnp2c+ — Pnpac- (A1.38)
where

Ppp2g- = cumulative sum of produced heat (with +
sign) of processes of the P2G hub that produce heat [kW],

Py p2g+ = cumulative sum of consumed heat (with
+ sign) of processes of the P2G hub that consume heat [kW].

Namely, a P2G hub, depending on its configuration and operation at a certain moment,
can be either a net producer or a net consumer of heat. Operation of CHP/FC and
methanation produce heat, while for the electrolyser it is possible for it to be either a
heat producer or a heat consumer. For distinguishing between the two cases, in the pre-
processing part of the OT an auxiliary variable y is used that can be selected by the user:

y =1 if the electrolyser is a heat producer;
y = —1 if the electrolyser is a heat consumer.

Accordingly, heat production of the P2G hub can be noted as:
1+y
Ppp26- === Pnet + Pncup + Pnrc +Prmetn- (A1.39)

On the other hand, several internal processes of a P2G are heat consumers: carbon
capture (CC), AD, Biomass2Biochar and GWGS processes. Using the auxiliary variable y,
possibility of heat consumption of the electrolyser is also included:

Py pac+ = I_Typ het T Prcc + Prapary + Phapwet + Poemary2ec + Prsmwet2sc + Prewes  (A1.40)
where:
Py o1 = heat power produced(y = 1)/consumed (y = —1) by the electrolyzer [kW],
Py cup = heat power produced by the CHP unit (P, cyp — A1.12b) [kW],
Py pc = heat power produced by the FC unit (P, pc — A1.13b) [kW],
Pp metn = heat power produced by methanation [kW],
Py cc = heat power consumed by the carbon capture [kKW],
Py ap,ary = heat power consumed by the dry AD [kW],
Py ap,wet = heat power consumed by the wet AD [kW],
P gm,ary2pc = heat power consumed by the dry BM2BC [kW],
Py M wet,2Bc = heat power consumed by the wet BM2BC [kW],
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Py cwes = heat power consumed by the GWGS [KW].

With the common heat exchanger circuit, produced heat can be used to supply heat
consuming processes. Power or the heat exchanger is defined by the maximal heat
transfer to the P2G hub. Both directions (production/consumption) are taken into
consideration:

_ 17y
Ph,HE,max = Ph,PZG+,max - 2 Ph,el,max +Ph,cc,max + Ph,AD,dry,max + Ph,AD,wet,max + Ph,BM,dry,ZBC +

Pnpmwet.28c + Pnowesmax (Al.41a)

_1+y
Ph,HE,max = Ph,PZG—,max - 5 Ph,el,max + Ph,CHP,max + Ph,FC,max + Ph,meth,max (A1-41 b)
where:

P nemax 1S the rated power of the heat exchanger obtained by intersecting (Al.41a) and
(A1.41b).

1-y

2 Ph,el,max: Ph,cc,max ’ Ph,AD,dry,max ’ Ph,AD,wet,max ) Ph,BM,dry,ZBC ) Ph,BM,wet,ZBC ’ Ph,GWGS,max are
maxima of heat consumption by the corresponding processes throughout the complete
time horizon.

1+ . .
TyPh_el_max s Pr.cupmax » Pnrcmax » Phmethmax @r€ maxima of heat production by the
corresponding processes throughout the complete time horizon.

Calculation for each heat component is given next. Heat power produced (y=1) or
consumed (y=-1) by the electrolyser is:

. _ 14y .
Consumed: Py, e] = —=Kn el NiHzstore,in - (Al.42a)

1- .
Produced: Py e; = —*Kp el Nz storein (A1.42b)

Heat power produced by the CHP unit is given in (Al.12b) and heat produced by the FC
unit is given in (Al.13b), while heat power produced by the methanation reactor is:

l:)h,meth = kh,meth( r'1CI-l4,meth + r.1CH4,BG)- (A1~43)

Heat power consumed by the carbon capture unit is determined by the carbon capture
heat coefficient kj . and rate of carbon capture:

Pp,cc = kn,ccficoz store,in- (Al.44)

Heat power needed for ADs is:
Py ap,ary = Kn,dary.ap MeM,dary,ap, (Al.45a)
Ppapwet = Knwet,ap Mamwet,ap- (A1.45b)
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|
Heat power needed for BM2BCs is:
Ph,BM,dry,ZBC = kh,BM,dry,ZBC 7’hBM,dry,ZBCr (A1~46a)
Ph,BM,Wet,ZBC = kh,BM,Wet,ZBC mBM,Wet,ZBC . (A146b)

Heat power needed for gasification and WGS is

Ph,GWGS = kh,GWGSmBC,GWGS . (A147)

The coefficients used in the previous equations depend on the technology used, and
here are suggested the values which are used as default in the OT, but the expert user
can freely change them:

kper = heat coefficient of electrolysis = 32 [

ol /
kW
knmetn = heat coef ficient of methanation = 250 [mol/

kw

kncc = carbon capture heat coefficient = 170 [W ,
S

knaryap = heat coef ficient of dry AD = 250 [kg/]

<

kW
knwetap = heat coef ficient of wet AD = 270 [@
s

o
8/
-
A

kngmary2sc = heat coef ficient of dry BM2BC = 0

kn pmwet2pc = heat coef ficient of wet BM2BC = 0

kn cwes = heat coefficient of GWGS = 100 [kg/
S

Each of the given values is backed up with the literature as is given in 3. Determination
of coefficients and prices.

1.2.11 BALANCE OF ELECTRICAL ENERGY
According to Figure 1, electrical balance of the P2G plant can be noted:
Per,gria = Per,p26 + Peomp,ex — Pet,rep + Perip (A1.48)
where:
Pergria = electrical power of electrical grid system (+sign means consumption from the grid,
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— sign means export to the grid) [kW],
Pe1p2c = consumed electrical power of the P2G hub [kWW]

Peomp,ex = consumed electrical power required for gas compression in the pipeline of the P2G + REP
+ IP system and towards the gas grid [kW].

Peirep = produced electrical power of the REP connected to the P2G hub [kW] ,
Pej1p = consumed electrical power of the IP connected to the P2G hub [kW].
Total electrical power of the P2G hub is:
Perp26 = Petin = Petout (A1.49)
where:
Pe1in = electrical power consumed by processes of the P2G plant [kW]

Pelout = Percup + Perrc = el. power produced by the CHP unit (Pgj cyp — Al.12a) or FC (Pgjpc —
Al.13a) [kW]

Then, Pg in can be noted as:
Pel,in = el,electrolyser + Pel,proc (A1-50)
where:
P etectroryser the electrical consumption of the electrolyser,
and P proc €NCOMpasses consumption of all other processes of the P2G plant.

When all components are included, P, p,; becomes:

Pel,PZG = Pel,electrolyzer + Pel,cc + Pel,AD,dry + Pel,AD,wet + l:)el,BM,dry,ZBC + 1:’el,BM,wet,ZBC + l:)el,GWGS +
+Pel,meth +pe1,demin - pel,CHP - Pel,FC (A1-51)

where:

P, o = electrical power consumption of carbon capture [kW]
Pepap,ary = electrical power consumption of dry AD [kW]

Pt apwet = electrical power consumption of wet AD [kW]
Pe1BMm,ary,2Bc = electrical power consumption of dry BM2BC [kW]
Pel M wet2Bc = electrical power consumption of wet BM2BC [kW]
Peigwes = electrical power consumption of GWGS [kW]

Pelmeth = electrical power of methanation [kW]

P gemin = electrical power consumption of water demineralization [KW]
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Calculation for each of the given electrical power consumptions can be obtained:

Es

Pel,electrolyser = ﬁHZ,store,in (A1-52)
Nel,electrolyser

Pel,CC = kel,CCﬁCOZ,store,in (A-|-53)

Pel,AD,dry = kel,AD,dry mBM,dry,AD (A1.54)

Pel,AD,wet = kel,AD,Wet mBM,Wet,AD (A-|-55)

Pel,BM,dry,ZBC = kel,BM,dry,ZBC 7'hBM,dryZBC (A1-56)

Pepmwet2Bc = KetpMwet,2Bc TBM,wet,2BC (A157)

Pel,GWGS = kel,GWGS mBC,GWGS (A-|58)

Pel,meth = kel,meth( ﬁCH4,meth + 7:LCHAL,BG) (A1.59)

Perdemin = kel,demin leZO,grid (A1.60)

The coefficients used in the previous equations depend on the technology used, and
here are suggested the values which are used as default in the OT, but the expert user

can freely change themk, ¢ = carbon capture electrical coef ficient = 20 [mol/

keiaryap = electrical coef ficient of dry AD = 150 [kg/ ]

kW
keiwetap = electrical coefficient of wet AD = 170 [E‘
/s
. . kW
keigmary25c = electrical coef ficient of dry BM2BC = 8700 Rg,
s

kW
kei pmwet2pc = electrical coef ficient of wet BM2BC = 8700 [E]

keigwes = electrical coef ficient of GWGS = 100 [kg/ ]
S
keimetn = electrical coef ficient of methanation = 800 [mol/ ]
. .. . L kW
ke aemin = electrical coef ficient of demineralization = 7.5 [W
S

Each of the given values is backed up with the literature as it is given in 3. Determination
of coefficients and prices.
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Due to possibility of bidirectional flow of 744 p26,c0nn » €lectrical power needed for
compression to the gas grid Pomp ey IS determined in 1.3.2.3.

1.2.12 DISCRETIZATION OF P2G SYSTEM DYNAMICS

Model of the P2G system is to be discretized with two sampling times. Faster sampling
time T,; will be used for P2G dynamics that are related to electricity and for other (gas,
heat) slower sampling times: Ty 4, Theqr are used. Sampling time of the slower sampling is
Taay = Tgas = Thear =1day (24h) while faster sampling time T, can be selected in the range:
1 hour-24 hours. Slower sampling will be indicated with (d), while for faster sampling
designation (k) is used.

1.3POWER TO GAS SYSTEM COST ASSESMENT

1.3.1 SYSTEM DESCRIPTION

According to Fig. 2, the complete P2G system is considered. Electricity, gas and heat are
depicted in blue, red and green colour.

Figure 2: Complete P2G connection system

Ph,net,cons

Y
Phrer | Py

B

ELECTRICITY GRID REP Paiip IP GAS GRID
—— :

|
Pgasper 4 P
Y Pelrep Wq 9 | = e

METER & | ! METER &
SUBSTATION Pu poc + . SUBSTATION

Pgas,grid
,.&._J

Pel,grid

y Ph,PZG Pgas,PZG

P2G

According to the electricity and gas grid connections as well as interconnections
between P2G, REP and IP given in the scheme, the following equation system is
obtained:

Py gria(k) = Peyip(k) — Peyrep (k) + Peypag (k) (A1.61)
Pgas,grid (d) = Pgas,IP (d) - Pgas,REP (d) - Pgas,PZG(d) (A1~62)
Phnet,cons(d) = Py pag(d) — Pprep(d) — Ppip(d) (A1.63)

where:

Peigria» Perp26 » Pet,rep) Perip = electrical power of Electricity grid, P2G, REP,IP

P

gas,grid» Pgas,p26 » Pgas,rEp» Pgas,ip = 9as power of Gas grid, P2G,REP,IP
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Pp p26, Pn.reps Prips Pronet,cons = heat power of P2G,REP,IP and net heat power

For the given system, operation, investment, and degradation cost calculation is given
in this section.

1.3.2 OPERATION COST

1.3.2.1 ASSESSMENT OF COSTS FOR BIOMASS AND BIOCHAR IMPORT IN
THE P2G HUB

Unit cost of each biomass or biochar source, indexed with J, is calculated as the sum of
the transport cost and the market cost:

Diary = Pidry,T + Di,ary,m (A1-64a)
Piwet = Piwet,T T PiwetMm (Al.e4b)
Pi,ec = Di,sc,t t Pipcm (Al.b4c)

where:

Diaryr = unittransport cost for a dry biomass source i [€/t]

Diarym = unit market cost of a dry biomass source i [€/t]

DiwetT = Unit transport cost for a wet biomass source i [€/t]

Piwetm = unit market cost of a wet biomass source i [€/t]

Pipcr = unittransport cost for a certain biochar source [€/t]

Pipcym = unit market cost of a certain biochar source [€/t]

Biomass will be transported only by road which makes its transport cost calculation:
Piaryr = kismr drLi (Al.65a)
Piwetr = Kipmr dr,i (A1.65b)

where:

kgyr = transport cost for biomass [€/(kmt) ]

dr,; = distance of a certain transport leg [km]

For biochar transport, cost of different transport options is calculated, and the minimal
value is taken:

Pipcr = min(transport cost over dif ferent transport options) (Al.65¢)
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To enable this calculation, data regarding transport hubs, their distances and cost for
each transport type are needed. Such data are preferably automatically generated for
the OT, e.g. with the help of Renewable Energy Atlas.

Once the costs for the different sources are determined, they are integrated in the OT
optimisation problem. Operation of the OT includes manipulation with 1y aryin
My wetin @aNd Mpc . Those variables can be obtained by stacking the contributions of
multiple biomass and biochar sources, which means that different costs and available
amounts of sources should be considered. Obviously, the best way is to use all available
amount of the cheapest source at first, then the second cheapest and so on. This could
be easily implemented by sorting the array of the sources from the lowest cost value
Diary: Piwer, Pipc tO the higher values. In Figure 3, a favourable curve of source cost versus
the amount of source taken by P2G, is drawn. Actually, three curves are to be obtained:
two for biomass (dry and wet) and third one for biochar sources which is in the figure
illustrated with asterisk.

Figure 3: Cost curve for multiple sources

Cost
A
4
Pa.x
LB
Mﬁ‘,m.max Mz',m,max Mi‘.m,max Ml',in,msx ' ua nt't
* M 2¢in,max & M 2¢,in,max + M 29 in,max Q y
- Ms',in,max + MS',in,max

+ Mas jnmex

Depending on the amount (quantity) of the source ( Mgy ary,in + Mpmwetin 3N Mpcin )
considered in the OT, to obtain a favourable cost curve, the sources must be properly
ordered. In the following considerations dry biomass source prices sorted in the
ascending order are noted as pjary,DP2darysP3dry - -Pnsa,ary While their maximal daily
amounts as My gry, My ary, M3 ary ... Mysa ary respectively. Wet biomass source attributes
are analogously noted as py wet, P2wet » Pawet - - - PNswwer aNd Ml,wet:Mz,wetrMs,wet---MNsw,wet-
Biochar sources attributes are analogously noted: p;pc,P2pc,P3pc---Pnsecec  and
My pc,Mapc, M3 pc ... Myspe,pc - Biomass input quantities (g dry,in: Mamwerin) and biochar
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input quantity ( mpc ) are represented by u,, in general. Novel optimization variable ¢,
corresponding to u,, are introduced as the supremum of the good (biomass or biochar)

cost over all segments of the cost curve for the opted daily amount u,, of the good.

Conditions for an arbitrary pair (e,. ,u,. ) with overall N, sources are:

Epe = Upu Prs (Al.66a)

Ew = My.py.+ (u** — Ml,*)pz,* (Al.c6b)

Evx = Ml,* D1, + MZ,* D2« + [u** - (er* + Mz’*)]p&* (A.|66C)
€ = 205 T My pi A+ [t — 202 ML P, (A1.66d)
0<u, <YM, (A1.66€)

For any feasible value of u,, (0 <u,, < Zlivzs*l Ml-,*) the inequation system (Al.66a)-(Al.c6e)
when subject to minimisation of ¢,, picks the cheapest sources available and disregards
the non-needed overly expensive sources.

1.3.2.2 ASSESSMENT OF COSTS FOR ELECTRICITY, GAS, AND HEAT

In the complete P2G system configuration, REP and IP are included. REP and IP are
producer and consumer of electrical power which enables the complete P2G system to
be either a producer or a consumer of electricity at a certain time instant. According to
the national electricity regulations, there are different prices for the produced and the
consumed energy. Also, the tariff system may include the prices that vary for day and
night production/consumption and also prices for the weekend period may be different.
In Figure 4 a change of unit electricity cost due to the change from the electricity
prOducer (psupply,el,en) to consumer (pconsume,el,en) is given.

Figure 4: The electricity cost curve for the overall P2G system
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electricity 4 |
P

cost

pconsume,el,en ' (PeI,PZG +Pc0mp,ex _(PeI.REP—Pel,IP))TeI

>

Pel P2G
(Pe],REP _Pel.lP)_Pcomp,ex '

/ |

psupply,el,en ) (Pel,PZG +Pcomp,ex - (Pel,REP_Pel,IP))Tel

where:
Dsupply,el,en — COSt Of supplied electricity [€/kWh]
Dconsume,elen — COSt Of consumed electricity [€/kWh]

Mathematical representation of P, 44 COSt calculation is similar to the considerations
from 1.2.11. In each time step, there are two conditions, that are denoted using Figure 4:

Eel = psupply,el,en [Pel,PZG (k) + Pcomp,ex (k) - (Pel,REP (k) - Pel,IP (k))] Tel (A1~67a)

Eel = pconsume,el,en [Pel,PZG (k) + Pcomp,ex (k) - (Pel,REP (k) - Pel,IP (k))] Tel (A1~67b)

where g,;, supremum of the cost of electrical energy, is used for calculation of the cost
by applying the minimisation function to ¢,;. All powers mentioned are mean powers
over a time period of duration T,;. Due to the tariff for costing the monthly peak power,
the maximal mean consumed power on a tariffing interval T,; must be assessed as well.

Similar to electrical power, the complete P2G system configuration can be either a
producer or a consumer of gas at a certain time instant. There are also different prices in
place for the case of consumption and for the case of gas production. According to the
national regulations, there are also different seasonal prices: ones for the winter and
another ones for the summer period.
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In Figure 5 a characteristic change of unit gas cost due to a change from consumer
(pconsume,gas )r to prOducer (psupply,gas) is given-

Figure 5: Characteristic of the gas cost

methane
(gas) 4
cost «— lDgas,grid <0

Pgas,grid >0 —p

b

pconsume,gas : ( (Pgas,lP‘pgas,REP)"‘Pgas,PZG )Tgas

>
(Pgas,lP_Pgas,RE P)‘\\ Pgas,PZG

psupply,gas ’ ( (Pgas,lP_Pgas,REP)_Pgas,PZG )Tgas

where:
Dconsume,gas — COSt Of consumed methane [€/kWh]

Dsupply,gas — COSt of supplied methane [€/kWh]

Mathematical representation of the gas cost calculation is similar to the electricity cost
calculation. According to Figure 5, two conditions exist:

Sgas 2 pconsume,gas [Pgas,IP (d) - Pgas,REP (d) - Pgas,PZG(d)]Tgas (A1-683)

ggas 2 psupply,gas [Pgas,IP (d) - Pgas,REP (d) - Pgas,PZG(d)]Tgas (A1-68b)

where g4, is @ supremum of the cost of the supplied gas. It should be noted that
charging of the gas production/consumption will be considered on a daily basis (Tgas =24
h).
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As it is depicted in Figure 6, the complete P2G system can be net heat positive, net heat
negative or can have a zero net heat value. Similar to electricity and gas costing, there
exists a change of unit heat cost due to the change of net heat value from positive
(pconsume,heat) to negative (psupply,heat )

Figure 6: Characteristic of the heat cost

Pconsume,heat * kkWhZMWh '(Ph,PZG - (Ph,REP+ Ph,IP))Theat

(Pnrep +Phip) Phnp2c

A~

Psupply,heat “Kiewhzmwh *(Ph,p2c = (Ph,reptPhip)) Theat
where:
Psupply,heat — COSt Of supplied heat [€/MWh]
Dconsume,heat — COSt Of consumed heat [€/MWh]

Mathematical representation of the heat cost calculation is similar to the
aforementioned representations for electricity and gas. According to Fig. 6, two
conditions exist:

€n = pconsume,heatkkWhZMWh [Ph,PZG(d) - Ph,REP (d) - Ph,IP (d)]Theat (A1-693)

€n = Dsuppiy heatkiwnzmwn [Pop2¢(d) — Prrep(d) — Phip ()| Thear (Al.69b)
Where:

&, is a supremum of the cost of heat

1
kxwnamwn = m

is a conversion factor needed for adaption to heat prices that are given in €/MWh.
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Charging of the net heating energy consumption is assumed to be done on daily basis
(Theat:24 h)

1.3.2.3 ASSESSMENT OF THE ELECTRICITY CONSUMPTION FOR METHANE
COMPRESSION

Before methane produced by P2G or REP is sent out it needs to be compressed from
atmospheric or internal pressure to the pressure level of the gas grid. Using the theory
of the adiabatic compression of gases, a general expression is obtained:

0,23
Pcompression = 0,0266 [(E) - 1] Pgas (A-|.70)

where:

Peompression = electrical power needed for methane compression [KW]
p, = methane pressure after compression [bar]

p1 = methane pressure before compression [bar]|

Pyqs = methane flow expressed in power units [kW]

In the case of P2G with IP and REP integration compression (Al.70) can be noted in a
simpler way:

Pcompression = kcomp,atm,inter Pgas,PzG (A].'ﬂa)
Pcompression = kcomp,inter,grid Pgas,PzG (A].'ﬂ b)
Peompression = kcomp,atm,grid Fyas (AL71c)

where different pressure levels are described with:

— Dinter 0,23
kcomp,atm,inter - 0;0266 -1

Patm
= coefficient of compression from P2G (atmospheric pressure) to internal pressure of IP, REP [kW,,

/ ngas]

pgrid 0,23
kcomp,inter,grid = 0,0266 -1

Pinter
= coefficient of compression from internal pressure of IP,REP to gas grid pressure of IP, REP [kW,,

/KWyas]

kcomp,atm,grid = kcomp,atm,inter + kcomp,inter,grid
= coef ficient of compression from P2G (atmospheric pressure) to gas grid pressure of IP,REP [kW,;
/KWyas]

Dinter — internal pressure of IP [bar]
Pgria — gas gid pressure [bar]
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Patm — Pressure of gas from P2G (atmospheric pressure) = 1 bar

Electrical power for methane compression from the P2G hub to the gas grid in excess to
the compression power already used within sole REP and IP when the P2G hub is not
present, Poomp,ex IS assessed in the following analysis.

Two different connection (IP or REP) possibilities are observed. If Pyy rix = Pyasip — Pgas,rep
is positive, compression is determined using the characteristic given in Figure 7:

Figure 7. Compression if Pyus1p — Pyasrep = 0

Pcomp,ex
for
Pgas,ﬁx= (Pgas,IP_Pgas,REP) A>k0
(111
| Katm,grid
a |
katm,inter|
o)
0 |
| Pgas,PZG
|
Pgas,ﬁx

As it is shown in Fig. 7, compression characteristic has three partitions that can be
represented with three conditions. Using (A1.70), accurate value of P,y e, IS Obtained
when maximum of all three conditions is found:

Peompex =0 (A1.72a)

Pcomp,ex 2 kcomp,atm,interpgas,PZG (A1.72b)

0.23 0.23
Pinter Pgri
Pcomp,ex = 0.0266 [( - ) + ( . d) - 2] Pgas,PZG - kcomp,inter,gridpgas,fix (A1-72C)

Patm Pinter

where:

Pcomp,ex
— compression power needed for methane exchange between P2G hub, IP, REP and the grid

in excess to the compression power used when P2G hub is not present [kW |
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If Pyasip — Pyas,rep 1S NEgative, compression is determined using the characteristic given
in Fig. 8:

Figure 8: Power for compression if Pyag1p — Pgasrep < 0

Pcomp,ex
for
Pgas,fix= (Pgas,IP_Pgas,REP) <0
*
(1)
| Katm,grid
M | (1D
i >
0 Pgas,PZG

| Kinter,grid

P gas, fix

Similarly, maximum of each one of the three conditions is needed to obtain the value
Of Pcomp,ex:

Pcomp,ex 2 kcomp,inter,gridpgas,fix (A1-733)
Pcomp,ex 2 kcomp,inter,gridpgas,PZG (A1-73b)
Pcomp,ex 2 kcomp,atm,gridpgas,PZG (A]-73C)

1.3.2.4 OPERATION COST CALCULATION FOR THE WHOLE PLANT
(P2G+REP+IP)

Operation cost of P2G encompasses taking in and providing out of each feedstock and
energy carrier during the whole plant (parametrized P2G + the existing REP and IP)
exploitation time. To obtain optimal schedule, P2G operation is observed in short time
steps (instances) from the beginning to the end of the time horizon. When all unit prices
and quantities are included, operation cost can be noted as:
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Ca— Uaelpowm]+2 UUBMdryd +]aBMwetd +]0BCd +]oheatd +]ogasd +]0C02emlssd+
+]0‘,H20,g1"ld,d ]cr,BC,out,d 10' H2,out,d ]a CH4,out,d ]O‘ 02,out,d + ]a,dry,res,d + ]a,wet,res,d +

]o GWGS,tar, d + Z []a el en] (A-l-74)

where:

M = number of months included in the complete time horizon

D = number of slow sampling timesamps (days ) included in the complete time horizon
N = number of fast timesamps included in the complete time horizon

Operation cost expression (Al.74) is arranged according to the assessments explained in
1.3.21 - 1.3.2.3. Regarding electricity, month period is considered for electrical power
operation cost:

]a,el,pow,m = pcf,el,pow maX{Pel,grid} (A1-7Sa)

while electrical energy operation cost is calculated for each time step:

Joelen = max{psupply,el,en T [Pel,PZG - (Pel,REP - Pel,IP)]' Pconsume,elen lel [Pel,PZG -
(Perep — Perip)|} (A1.75b)

Cost of dry and wet biomass, as well as the cost of biochar are assumed to be constant
during one day (24 h). Therefore, dry biomass daily operation cost is:

]cr,BM,dry,d - je [1 2 Nsd {2 =1 D ,ary Ml ,dry Tday + p] dry [mBM dry,in Tday -
- Zi=1 i,dry Tday]} (A-|.75C)

Wet biomass daily operation cost is:
]a,BM,wet,d - je [{nzjd,Nsw]{ Z =1 pl wet Ml wet Tday + p} wet [mBM wet,in Tday -
- Ziz_l Mi,wet Tday]} (A1.75d)

Biochar daily operation cost is:
Jopca = je [1H21 %SBC {Zl 1 Pi,BC Ml BC Tday + Dj.BC [kkgztontC in Tday -
j-1

kdayZyear Z Ml BC (d) Tday]} (A-|-756)

Operation cost for heat is also given for a period of one day:

]a,heat,d = max{psupply,heat(Ph,PZG - (Ph,REP + Ph,IP) Tday)r Pconsume,heat (Ph,PZG - (Ph,REP +
Pp1p) Taay)} (A1.75f)
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Gas operation cost is also considered on the daily scale:

]a,gas,d = Inax {psupply,gas ((Pgas,IP - Pgas,REP) - Pgas,PZG(d)) Tday ’ Pconsume,gas ((Pgas,IP -

Pgas,REP) - Pgas,PZG) Tday}

]a,COZ,emiss,d = pa,COZ,emissMCOZ(nCOZ,burn - nCOZ,store,in) Tday
_ ’
]a,HZO,grid,d - pa,Hz QHZO,grid Tday
]cr,HZ,out,d = MHZPO',HZ Ny2 store,out Tday
— ! s T
Jo.Bcout,d = Posc™MBCout day
— ! p T
JocHaoutd = Po,cHalcHasell Tday
— ! 5 T
Jo,02,0ut,d = Pg,02M02,0ut day
Joaryresd = Po,dry,resYdryressm,dary,ap Taay
]a,wet,res,d = pa,wet,resywet,resmBM,wet,AD Tday
Jo.cwes.tar.d = Po,tarKTarMBC 6WES Tqay
where:
Do nz0 = Price for water from the water grid system [€/m?]

Do.cozemiss = penalties for CO,emission [€/Kkg]

(A1.759)

(A1.75h)
(A1.75i)
(A1.75j)

(A1.75K)
(A1.75)

(A1.75m)

(A1.75n)

(A1.750)

(A1.75p)

Do 2 = Selling price of hydrogen (material only; conditioning and transport costs excluded)[€

/keg]

Do pc = selling price of biochar (only material, transport costs excluded)[€/kg]

!
Po,cHa

= selling price of methane for transport (only material, conditioning and transport costs excluded)

[€/kg]

Dg,02 = Selling price of oxygen (only material, conditioning and transport costs excluded) [€

/kg]

Do,daryres = POSitive or negative price for residue of dry AD(positive if considered as waste,

negative if considered as valuable fertilizer) [€/kg]

Do wetres = POSitive or negative price for residue of wet AD (positive if considered as waste,

negative if considered as valuable fertilizer) [€/kg]

Project co-funded by the European Union funds (ERDF, IPA)
www.interreg-danube.eu/danup-2-gas

56


http://www.interreg-danube.eu/danup-2-gas

“

rrrrrrrrrrrrrrrrrr

Danube Transnational Programme

Dotar = COSt of management of tar waste from the gasification and water gas shift plant [€
/kg]

Mco, = molar mass of CO, = 44 1073 [kg/mol]

My, = molar mass of H, = 2 * 1073 [kg/mol]

All powers, mass and molar rates are average values on the given time interval.

1.3.3 ASSESSMENT OF CONNECTION POINT CAPACITIES FOR THE ENTIRE
PLANT (P2G+REP+IP)

Electrical, gas and water grid connection capacities for the entire plant configuration
(P2G+REP+IP) are to be calculated. As P2G could be added to an existing REP or IP, firstly,
capacities of existing REP and IP are provided by the user. Then, according to the OT
operation values, possible enlargement of the connection capacity is to be assessed. For
the electricity, enlargement capacity is assessed according to the following conditions:

Pel,PZG + Pcomp,ex - [Pel,REP — IelIP ] - Pcp,el,exist <A Pcp,el (A1.768)

~lel,P2G — Pcomp,ex + [Pel,REP — IelIP ] - Pcp,el,exist <A Pcp,el (A1-76b)

To reduce calculation burden and add robustness in the parametrized P2G operation,
(Al.76a) is adjusted to obtain maximal electricity consumption while (Al.76b) is adjusted
to obtain maximal electricity production. Accordingly, to obtain maximal consumption,
maxima of all electricity consuming processes are added while processes that produce
electricity (CHP and FC) are excluded:

max (Pel,electrolyzer) + max (Pel,cc) + max (Pel,AD,dry) + max (Pel,AD,wet) + max (Pel,BM,dryZBC)
+ max (Pel,BM,wetZBC) + max (Pel,GWGS) + max (Pel,meth) + max (Pel,demin)
+ max (Pcomp,ex) + max{Pel,IP - Pel,REP} - Pcp,el,exist <A Pcp,el

(A1.77)

Maximal electricity production is obtained when only maximum of CHP/FC are
considered:

max (Pel,CHP + Pel,FC) + max{Pel,REP - el,IP} - Pcp,el,exist <A Pcp,el
(A1.78)

From (A110), (Al.12a) and (Al.13a) the following expressions for Py cyp and Py pe Can be
derived:

Porcrip = Net,cup(1 — x) Peotar,cp/rc = Netcup(1 — x)kCH4mCH4,CHP/FC + Ner,cup (1 —
x)kpcpe,cup/rc + HNercup (1 — X)ky2My cp/rc (A1.79a)

Perrc = Netrc XProtar,cup/rc = Nevrc XkcuaMcenacup/rc + Nevre XkpeMpe cup/rc +
Ner,rc XK2Muz2 chp/rc (A1.79b)
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To obtain CHP and FC altogether, (Al.79a) and (A1.79b) are added:

Peicup/rc = Pei,cup + Peyrc = [ﬂel,CHP(l —X) + Nevrc x]kCH4mCH4-,CHP/FC + [Uel,CHP(l —x)+
Nei,Fc x]kBGmBG,CHP/FC + [ﬂel,CHP(l = x) + Neyrc x]kHZmHZ,CHP/FC = nel,CHP/FCkCH4mCH4,CHP/FC +
Nev,chp/rckeeMae cup/rc + Nevcup/rcknaMuz,chp/rc (A1.80)

It could be easily seen that efficiencies within (A1.80) can be summarized in common
efficiency parameter:

Nel,cHP/FC = [Mer,cp (1 — %) + Ney e X] (A1.81a)

Similarly, common CHP/FC investment (pi,cup/rc) UNIit price can be derived from the
CHP investment unit price (p; cyp) and FC investment price (p; c):

PicHP/FC = [Picup (1 — %) + P pe x| (A1.810)

Now, using expressions for each of the P2G subunits and maximal values of P2G
processes as they are given in chapter in 1.2 as well as (A1.80) the system (Al.77) - (A1.78)
is noted as:

ES o . . .
ENHz,store,in + keicc Nec + Kevap,aryMem,ary,ap + Kev.apwet Memwet,ap +

+keigm,ary,26cMem,ary,2c t Ketmwet,26cMmwet,28c + Ket.owes Mpc,awes + Kei,meth Nmetnm +

+kel,deminNH20,grid + Pcomp,ex,M + max{Pel,IP - Pel,REP} - Pcp,el,exist <A Pcp,el
(A1.82a)

kCH477el,CHP/FcMCH4,CHP/FC + kBGnel,CHP/FCMBG,CHP/FC + kHzTIel,CHP/FcMHz,CHP/Fc + max{P el,REP —
P€l,IP} - Pcp,el,exist <A Pcp,el (A1.82b)

where:

Pel,PZG: Pel,REP ) Pel,IP
= P2G,REP,IP electrical power at each electricity sampling interval (mean value

on the interval) [kW]

Peperexist = existing electrical connection capacity (nominal value) [kW]
APy, . = enlargment of the electrical connection capacity [kW]

P comp,ex,m = maximum of all Pomp ex [KW]

Since all maxima are obtained as separate variables in the optimization problem and
since REP and IP profiles are known a priori, it is easy to see that system (A1.82) gives only
two inequalities for the optimization problem.

Enlargement of the electrical connection capacity obtained by conditions (Al.82a),
(A1.82b) can only be non-negative:

APy =0 (A1.83)
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For the gas connection, enlargement capacity assessment is based on aggregated
hourly transport of gas. Similar to electricity, both positive and negative options are
considered:

Pyasip — Pgasrer — Pgas,p2c — Pep,gas,exist < A Pep g (Al.84a)
_(Pgas,IP — Pgas,REP — gas,PZG) — Pep gasexist <A Ppg (A1.84Db)
where:
Pyas.p26:Pgas,ip » Pgasgep = P2G,IP,REP average gas power in one day (24h) [kWh/h]

Pep,gasexist = existing gas connection capacity [kWh/h]
AP, , = enlargment of the gas connection capacity [kWh/h]

Enlargement of the gas connection capacity obtained by conditions (Al.84a), (Al.84b)
can only be non-negative:

APy >0 (A1.85)

For the water connection, enlargement capacity is maximum of P2G water grid
consumption:

NHZO,grid
max Qu20,gria = T = AQcpw (A1.86)
ays H20
where:

Qu20,gria = water consumption of P2G in one day (24h) [m3/h]

AQcpw = enlargment of the water connection capacity [m3/h]

1.3.4 INVESTMENT COST

Investment cost includes costs of all assembly parts of the P2G hub and costs of
additional investments in grid connection points. In the following expression, per unit
assembly costs are given as pix . Accordingly, total investment cost is noted:

Cinvest = pi,mBM,dry,store MBM,dry,store + pi,mBM,wet,store MBM,wet,store + pi,mBCstore MBC,store +
+Di dotmM,ary,28c Mpm,ary28c + Didotmmwet,2c Memwet,28c + Pidotmewes Mpc,owaes +
Pidotmdry,ap Mpmary.ap + Piaotmwet,ap Memwet,ap + Picup/rc Peicup/rc + Pidotnce Nec +
pi,nCOZstore NCOZ,store + pi,nHZstore NHZ,store + pi,nOZstore NOZ,store + pi,HZOstore NHZO,store +
pi,nCH4store NCH4,store + pi,HEPh,HE,max + pi,electrolyser Pel,el,M + +pi,d0tnMethreactor Nmeth,M +

1
(pi,el,demin + pi,cp,w k Tk )Pel,demin,M + pi,AdrainAdrain + pi,nSGstoreNSG,store +
el,demin®H20

+pi,nBGstoreMBG,store + pi,cp,elAPcp,el + pi,cp,gAPcp,g + pi,comchomp,ex,M (A]-87)

1

In the (A187), unit assembly costs “pix” are multiplied by the maximum values of
assembly parts. Those maximumes are directly obtained during the optimization process.
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Except from P cyp/rc that is calculated according to the (A1.80), the values of all other
capacities are obtained using the following expressions:

Mg ary,store = max (Mppm, ary,inTaay » Mem,ary,store) (A1.88a)
Mgy wet,store = max (mBM,wet,ianay » MpM wet,store) (A1.88Db)
Mg store = max (Mpc store,inTaay Mac,store,out  day» MBc,store) (A1.88c)
MBM,dry,ZBC = max (mBM,dry,ZBC) (A1.88d)

Mpumwet,25c = Max (Mgy wet28¢) (A1.88e)

MBC,GWGS = max (Mpcewes) (A1.88f)

MBM,dry,AD = max (Mgy,dry,ap) (A1.889)

MBM,wet,AD = max (Mppm,wet,ap) (A1.88h)

Nec = max (Mco2,store,in) (A1.88i)

Ncoz,store = max (Ncoz,store) (A1.88])

Nz store = max (Myz,store) (A1.88Kk)

Noz,store = max (Noz,store) (A1.88l)

Nyz0,store = Max (Ny20,store) (A1.88m)

Nchastore = max (Mcua,store) (A1.88n)

Peat,ngm = max (Ppeat,ne) (A1.880)

Pepetectrotyzery = Max (Pepetectrotyzer ) (A1.88p)

Nmetny = Mmax (Nepametn + Ncrape) (A1.88q)

Pergeminy = max (Pergemin) (A1.88r)

NCH4,out = max (Ncua,out) (A1.88s)

Pyas,p26,m = max (Pyas pac) (A1.88t)

Nsg store = max (Nsg store) (A1.88u)

Mpg store = max (Mg store) (A1.88v)

Although referenced costs are given in 3. Determination of coefficients and prices, here
are default unit cost values for each one:

Pi mBM,dry,store = 10 [€/kg]
PimBM,wet,store — 5 [€/kg]
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Pimsc,store = 15 [€/kg]
Pi.dotmpm,dryzpc = 0.6 * 10° [€/(kg/s)]
PidotmeMwetzec = 0.7 * 10° [€/(kg/s)]
Pidotmewes = 1% 10° [€/(kg/s)]
Pidotmdry.ap = 21 * 10° [€/(kg/s)]
Pidotmwet,ap = 20 * 10° [€/(kg/s)]
Picrpperkw = 3000[€/(kWe)]
Dircperiw = 5000[€/(kWe)]

Pidotnce = 8 10* [€/(mol/s)]
Pincozstore = 0.45 [€/mol]

Pintzstore = 10 [€/mol]

Pinozstore = 0.625 [€/mol]

Pin20store = 0.02 [€/mol]

Pinchastore = 1.25 [€/mol]

Piwe = 100 [€/kW]

Dielectrotyser = 2500 [€/kW]
DidotnMethreactor = 425 * 10° [€/(mol/s)]
Pieldemin = 100 [€/(mol/s)]
Piadrain =2 [€/m?]

DinsGstorage = 1.25 [€/mol]
DinBGstorage = 1.25 [€/mol]

Pi,comp = 600 [€/kW]

Cost of electrical, gas and water connections depend on scale of grid (transmission or
distribution) that is used for P2G connection as well as on the particular country of the
Danube region.

The OT offers an option to include investment subsidies as a percentage, not only for the
overall investment, but also for each individual part. Therefore, final investment cost is
reduced depending on the subsidies.
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1.3.5 DEGRADATION COST

The OT takes into account the degradation of each part of the P2G hub, except for the
connections (electrical grid, gas grid, water grid). After the set number of years, it is
assumed that parts of the P2G hub need to be replaced, which is the base for the
calculation of the degradation cost.

For each P2G assembly part given in (A1.88), degradation factor paeg* is calculated as:

1
Paeg,x = i (A1.89)

Niifetime,
where:
Niifetime« = expected lifetime of the assembly part (given in years) = 20 years(default value)
pi+ = unit cost of assembly part as used in (A1.87)
Total equipment degradation cost is calculated as a sum of all degradation costs:
Ciaeg = 2w Ddegy " * (A1.90)

When calculating the degradation cost, the OT does not include investment subsidies,
but the full price of each of the parts.

1.4 FORMULATION OF THE MATHEMATICAL PROGRAM FOR
OPTIMIZATION

1.4.1 OPTIMIZATION PROBLEM

Using previously calculated costs; (Al.74) for operation, (A1.87) for investment, (A1.90) for
degradation, the following cost optimization for the plant is formulated:

: Cinves
min 2 Coop + Cy (A1.91)

Years

To complete mathematical problem, minimisation (Al91) is constrained with the
investment pay-off period. Within this pre-set number of years, the plant operation is to
satisfy:

Cinvest + Cdeg +C, < C,(P2G =0) (A1.92)

Nyears

where:
Nyears = maximum payoff period (given in years)

C,(P2G = 0) — operational cost of the plant (A1.74)without P2G operation
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At first, concept modelling equations are to be used to obtain a classical linear dynamic
system suitable for an optimization solver. Then, with respect to all mentioned
limitations and with the given unit costs and prices, variable manipulation is done to
obtain minimization of (A1.91). Finally, result of minimization will give the answer on
feasibility of the concept under the given circumstances.

2. BIOCHAR BASED POWER TO GAS PLANT
2.1 PROCESSES IN BIOCHAR BASED POWER TO GAS PLANT

Biochar power to gas plant comprises several processes. In the Figure 1, gasification
(gasifier and water gas shift reactors), electrolysis (electrolyser and hydrogen gas
storage) and methanation processes are depicted, as well as their interconnection.

Figure 9: Processes of Biochar Power to Gas Plant

CHa
METHANATION
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2.2 GASIFICATION

Gasification is the oxidation with insufficient oxidizer supply. Instead of producing CO,
during complete oxidizing (combustion), gasification of the carbon fuel ends up in CO
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production. Similarly, gasification of the hydrogen fuel ends up in H; production, while
combustion leads to H,O. During gasification fuel is blown through oxidizer. Usually air,
water vapor, CO, and oxygen are used as oxidizers. There are many types of gasifier
reactors: fixed bed, fluidized bed, entrained flow etc. With different gasifier designs,
different models of heat exchange between fuel and oxidizer are obtained. In the first
step of gasification, oxygen from electrolysis is used as oxidizer and biochar is used as
fuel for syngas production. Temperature of the gasifier is high: between 1000-1500 K [1-
2], and according to the literature [3-4] gasification is assumed to be an adiabatic
process. In the next step, water gas shift bubble column vessel is used to obtain CO, for
methanation, from CO.

2.3 WATER GAS SHIFT IN BUBBLE COLUMN VESSEL

Syngas produced in the first step of gasification goes to bubble column vessel where
water gas shift reaction, occurs. Temperatures in the bubble column are much lower
(400-600 K) than temperatures in the gasifier, which enables a high conversion rate of
CO into CO,. Water supply is needed to support this reaction.

2.4 ELECTROLYSIS

Power to gas plant uses hydrogen to accomplish an upgrade of hydrocarbon gases.
Hydrogen is produced in electrolyser by electrolysis of demineralized water. Electrical
energy is to be consumed during this process. The intention is to use low-cost electrical
energy for hydrogen production. Due to fluctuation of electrical energy prices on the
market, it is possible to use few types [5] of electrolysers. Classical option and the
cheapest one is alkaline electrolyser. But there are drawbacks in exploitation of alkaline
electrolyser. It is limited by minimum operating power and slow starting performance.
There is also ecological issue due to decomposing its electrolyte. Proton exchange
membrane (PEM) electrolyser performance is much faster, and it has much wider
operating range. There is also solid oxide electrolyser (SOEC) type to be exploited
commercially in the future. This one operates at higher temperatures and has a potential
to increase the efficiency of electrolysis.

2.5 METHANATION

Biological methanation is a process of methane production and is a key process in P2G
plant. This process takes place in methanation reactor in which aquatic solution with
microorganisms is formed to enable methane production. There are three major types
of methanation reactors: stirred tank reactor, trickle-bed reactor, and bubble column
gas-lift reactor. To produce methane, it is necessary to take gaseous carbon. Except from
carbon feedstock, methanation reactor takes gaseous H.. In biological methanation
reactor, each feedstock gas is firstly dissolved in water and then chemical reactions for
methane production begin. Solubility of gases, especially solubility of H, is usually a
bottleneck in this process. So called gas-liquid mass transfer rate depends on
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technological details. There are several paths of chemical reactions that lead to methane
production. Accordingly, methanogenic potential could be defined as:
hydrogenotrophic, acetoclastic, carboxydotrophic. In this work, bubble column reactor
with methanogenic hydrogenesis is considered.

Methanation reaction occurs in the methanation reactor, more precisely in its liquid
phase:

|deal stoichiometric values of reactants are H>: CO> = 4: 1.

3. DETERMINATION OF COEFFICIENTS AND PRICES

3.1.1 ASSESSMENT OF ANAEROBIC DIGESTION
Conversion coefficients for AD process are set to the following values:
aary = coef ficient of biomass to biochar conversion during dry AD = 0.07[6]
et = coefficient of biomass to biochar conversion during wet AD = 0.05 [6]
Yary = conversion coeficient of dry biomass mass to biogas amount during AD = 0.9 [7]
Ywet = conversion coeficient of wet biomass mass to biogas amount during AD = 0.8 [7]
Molar fraction in the biogas:

sy = molar fraction of CH, in biogas [8] = 0.6

s¢ = molar fraction of CO, in biogas [8] = 0.4

is used to obtain biogas molar mass:
Mg = molar mass of biogas (60% CH,,40% CO, ) = 0.027[kg/mol]

While general knowledge of residues is not common to be known, residues of the AD
processes are set to zero values:

Yaryres = 0

Ywet,res = 0

For the wet AD process, [8] gives data on biogas flow rate of 1851 kg/day together with
its electricity and heat consumption of 4 kW and 6,4 kW respectively. From the given
data, electricity and heat consumption coefficients can be obtained:
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kW
Keiwetap = electrical coefficient of wet AD = 186,7 Vet
wet, (kg /s) N
wet,biomass
. - kW
knwetap = electrical coefficient of dry AD = 300 y,e; (kg/ )
S
wet,biomass
Similar coefficients can be used for dry biomass:
. . kW
keiaryap = electrical coefficient of wet AD = 186,7 y 4y
o (kg/s)dr biomass
y,D1
. - kW
knaryap = electrical coefficient of dry AD =300 ygpy (kg/ )
s
wet,biomass

According to the [9], cost of AD of about 2700 €/kW, can be considered. Using the
calorific value of biomass, price of dry AD can be calculated:

Didotmdry,AD = 21.6 * 10° [€/(kg/5)]
Similar cost value can be used for wet biomass.
3.1.2 ASSESSMENT OF BIOMASS2BIOCHAR
Conversion coefficients for BM2BC process are set to the following values:
Bary = coefficient of biomass to biochar conversion during dry BM2BC = 0.3 [10]

Bwer = coefficient of biomass to biochar conversion during wet BM2BC = 0.2 [10]

For BM2BC processes, [11] gives electricity consumption that is used to obtain:

kw

keigmary2pc = electrical coef ficient of dry BM2BC = 8700 kg/
( S)dry,biomass

and investment cost for dry process is [12]:

Di.dotmBmdryzc = 0.6 * 106 [€/(kg/s)]

Due to the moisture, investment for wet BM2BC needs to be enlarged while heat import

is again not needed.
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3.1.3 ASSESSMENT OF GWGS

Molar mass of syngas Mscis calculated using biomass gasification analysis [13] and typical
syngas composition after WGS [14]. Syngas mole fraction of H, (g;) and CO, (g2 ) after
WGS is found to be:

y 3, _2
91 =592 =3
Accordingly, molar mass of syngas can be calculated to be:

Mg; = 0.018 kg/mol

While there is no significant loss of mass during gasification, mass efficiency of biochar
to syngas conversion is assumed to be:

Npc—>s¢ = 0,9
while default value of tar content is set to zero:
krar =0

Needed water supply for gasification alone can be found in [15], while water needed for
WGS can be determined according to the stoichiometry of the WGS reaction:

kHZO,GWGS = 0.4075
According to [16], stoichiometry number of oxygen in gasification is assumed to be:
v, = 0.2

In the [17] efficiency of the GWGS as two stage gasification process is given. Accordingly,
sum of electrical and heat energy needed for GWGS could be calculated. As the exact
ratio between electricity and heat is not known, coefficients are set to be equal:

kW
keicwes = electrical coefficient of GWGS = 100 [——

(%)

kw
k = heat coef ficient of GWGS = 100 |[——
h,GWGS ff f (kg /5)

Regarding investment cost, using [17] the following value of GWGS is obtained:
Didotmewes = 1 * 10° [€/(kg/s)]

3.1.4 ASSESSMENT OF CHP AND FC

Amount of liquid water that can be obtained during FC operation, according to the [18],
can be found to be:
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nFC,HZO == 0001

Regarding allowed amount of hydrogen in biogas, according to [19] the following value
is set:

aHz = 02

In the [20] efficiencies and investment cost for CHP as well as investment cost for FC are
given. In the [21] efficiency of FC could be found. Accordingly, the following values of
efficiencies are obtained:

Netcup = 0,4
Nncup = 0,5
Netrc = 0,5

Nnrc = 0,45

Regarding investment costs, the following is obtained:
Picrpperiw = 3000 [€/kW,]
PiFcperjw = 5000 [€/KW,]
3.1.5 ASSESSMENT ELECTROLYSIS
Although there are various different literature sources, efficiency of electrolyser is set to:

Nelelectrolyzer = €f ficiency of electrolysis = 0.7 [22]

According to the efficiency, heat coefficient of electrolyser is calculated:

e

kp o1 = heat coefficient of electrolysis = 32 [mol/
S

For electrolyser cost, an average value is used:

Dielectrolyser = 2500 [€/kW].

3.1.6 ASSESSMENT OF CARBON CAPTURE

In the [23] Carbon Capture unit, its energy balance and investment cost is given.
Accordingly, heat consumption can be calculated to be:

kW
kpcc = heat coef ficient Carbon Capture = 170 |[———=

(mol /S)

Electricity consumption is estimated to be:
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kW
(mol/s)
Investment cost of Carbon Capture is calculated to be:

Pidotncc = 8 » 10* [€/(m01/5)]

keicc = electrical coefficient of Carbon Capture = 20

3.1.7 ASSESSMENT OF DEMINERALIZATION

Internet gives few commercial examples of demineralization units. According to the
given value of the flow and price of the unit, electricity coefficient and cost parameter
can be easily assessed:

kw

kei aemin = electrical coef ficient of demineralization = 7.5 [W
S

Didemin = 100 [€/(mol/s)]

3.1.8 ASSESSMENT OF METHANATION

Total energy efficiency can be calculated according to the expression given in [24].
Literature [25] gives heat production of the biological methanation reactor. With the
known LHV values of input hydrogen and output methane, efficiency value of about 60
percent [26] as well as produced heat power, it is possible to calculate electrical
consumption power. Accordingly, the following coefficients are obtained:

kw

wor)

keimetn = electrical coefficient of methanation = 800 [

kw

knmetn = heat coefficient of methanation = 250 [W .
S

According to the [27], cost of methanation reactor is 500 €/kW,y, . This is used to
calculate its cost of about:p; gornmetnreactor = 4:25 * 10° [€/(mol/s)]

3.1.9 ASSESSMENT OF STORAGES

As it is given in [28], hydrogen storage in P2G application is operating at low pressure.
As its price is also estimated in [28], it is easy to obtain cost parameter for hydrogen
storage:

DinH2storage — 10 [€/mol]
In similar way, costs of other gas storages are obtained:

DincHastorage = 1.25 [€/m01]
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DinBGstorage = 1.25 [€/m01]
DinsGstorage = 1.25 [€/m01]
Dinoz2storage = 0.625 [€/m01]

Dincozstorage = 0.45 [€/m01]

3.1.10 ASSESSMENT OF COMPRESSION, HEAT EXCHANGER AND DRAINAGE
AREA

According to the internet research and various assumptions, for the rest of the
equipment the following investment costs can be assumed:

Dicomp = 600 [€/kW]
pine =100 [€/kW]

Diadrain = 2 [€/m2]
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